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ABSTRACT
Chapter 1
A general introduction to the concepts and background of several types of transition metal
complexes that motivate and inform the research described herein. These include a-complexes
and molecular adducts of dinitrogen, dihydrogen, and carbon dioxide.
Chapter 2
Trigonal bipyramidal platinum(II) complexes of the monoanionic, tetradentate, triphosphine
[SiPR3 ([SiP 3Ry = [(2-R 2PC 6H4)3Si]~; R = Ph, 'Pr) ligand are prepared and shown to provide
access to cationic species with divergent behavior. The less electron-rich phenyl-substituted
ligand renders the platinum center extremely electrophilic, leading to structurally characterized
examples of weakly-donating ligands bound in the fifth, apical coordination site. Of particular
interest is the structure of the toluene adduct, which suggests a possible interaction between the
platinum center and an aryl C-H bond. When the ligand phosphines are instead substituted by the
more electron-rich isopropyl groups, the electrophilicity of the cationic platinum is shown to be
mitigated, allowing access to a four-coordinate, trigonal pyramidal platinum center. The
crystallographically characterized geometry for this divalent platinum is in contrast to the
canonical square planar configuration for d8, 16-electron transition metal complexes. The
palladium analogue is also synthesized and shown to possess the same coordination.
Chapter 3
Cationic nickel complexes of the [SiPR3 ] ligand are synthesized and, in contrast to their platinum
and palladium congeners, facilitate the surprising binding of molecular dinitrogen to electrophilic
nickel(II) centers. The extremely high stretching frequencies of these bound N 2 moieties attest to
their minimal activation, and the stability of these complexes is shown to arise from increased a-
donation from the N 2 to the cationic nickel center, which compensates for the relative lack of it
back-bonding that stabilizes N 2 adducts in less electrophilic systems. These cationic nickel
species are additionally shown to form thermally stable adducts of molecular dihydrogen. The
relative binding strengths of N2 and H2 to these nickel centers are explored and shown to be
modulated by the ligand phosphine substituents. Furthermore, evidence of linear binding of
carbon dioxide is presented, representing an electrophilic approach to carbon dioxide activation
that is in contrast to the low-valent, nucleophilic metal paradigm.
3
Chapter 4
The four-coordinate neutral nickel boratrane (TP'PrB = (2-'Pr 2PC 6H4) 3 B) reported in the literature
represents an isostructural counterpart to the cationic {[SiiPr3]Ni}+ species presented in Chapter
3. Though these two compounds are formally separated by two oxidation states of nickel, the
Lewis-acidic nature of the Z-type borane ligand in (TP'PrB)Ni renders it valence-isoelectronic
with {[SiiPr3]Ni}+. The reactivity toward N 2 and H 2 of (TP'i'B)Ni, as well as that of the new
compound (TPPhB)Ni, is explored and discussed in context of what is observed for the
{[SiPR3]Ni}± system. The neutral (TP'I'B)Ni, while presumably a better R back-bonder than
cationic {I[SiPip' 3 ]Ni}T, is demonstrated not to bind N 2, though a very weak, fluxional interaction
with H2 at low temperature is hypothesized. The more electrophilic (TP PhB)Ni exhibits room
temperature interactions with both N2 and H2, though the nature of these interactions has yet to
be confirmed. These results thus underline the importance of c-donation in stabilizing N 2 and H2
adducts of poorly 7r back-bonding metal centers.
Chapter 5
Cobalt(I) complexes of [SiPR3 ] provide an additional isostructural, isoelectronic point of
comparison to the cationic nickel species presented in Chapter 3. The dinitrogen adducts
[SiP'i' 3]Co(N 2) and [SiPPh3]Co(N 2), previously reported from our laboratory, feature strongly
bound N 2 ligands that are not labile to vacuum. The corresponding dihydrogen adducts are
generated slowly under an H2 atmosphere. The intact nature of both dihydrogen ligands, which
also are not labile to vacuum, is reflected in their NMR spectroscopic parameters. The thermal
stability of these compounds enabled crystallization of [SiPi'' 3 ]Co(H 2) which, along with the
related (TP'i'B)Co(H2) complex also developed in our laboratory, represent the first structurally
characterized dihydrogen adducts of cobalt. Additional comparisons are made between the
relative N2 and H2 binding strengths of this system and those of the structurally and
electronically related family of [SiPR3 ] and (TpRB) metal complexes.
Appendix A
The asymmetric dinucleating ligand [NOPPh], designed to contain both a hard, N-donor binding
site and a soft-P-donor binding site, is synthesized and shown to form a diiron complex that
features asymmetric bonding to the bridging acetates. The corresponding symmetric, all-
phosphine dinucleating ligand [POPPh], proves to be more conducive to further study, and
provides access to the symmetric diiron, di-(p-bromide) starting material
{[POPPh ]Fe 2Br 2} {BArF4 }. Addition of hydrazine generates the asymmetric, unbridged N2H4
adduct, which features localized diamagnetic and paramagnetic iron centers. The conformation
of this species additionally demonstrates the flexibility of this ligand framework. Reduction of
the diiron(II) starting material in the presence of PMe3 results in formation of a putative
asymmetric iron(O)/iron(I) dimetallic complex, in which an N2 molecule is bound to the
diamagnetic iron center, while the PMe3 is ligated to the high-spin iron center and rendered
NMR silent. The N 2 ligand is shown to be reversibly displaced by H2 , suggesting the formation
of a dihydrogen adduct, as well as by C0 2 , which is postulated to bind as a bent, 12(CO) ligand.
Thesis Supervisor: Jonas C. Peters
Title: Bren Professor of Chemistry
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Chapter 1: General Introduction
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1.1 Opening Remarks
The following chapters will present the preparation of electrophilic group 10 and diiron
complexes of polyphosphine ligands and discuss their reactivity toward small molecules such as
dinitrogen, dihydrogen, and carbon dioxide. This chapter will provide a general introduction to
the concepts and background of several types of transition metal complexes that motivate and
inform the research described herein.
1.2 Alkane and Agostic Complexes
Activation of C-H bonds by transition metals requires initial coordination of the bond to a
vacant site on the metal center to form a "a-complex" or, in the case of alkane moieties
specifically, an "alkane complex."' The metal-alkane interactions in these complexes are
extremely weak, however, and for the most part are only detectable under conditions such as
ultra-high vacuum or extremely low temperatures. A notable example of an alkane adduct
directly detected at low temperatures is the rhodium(I)-methane adduct generated by protonation
of the rhodium-methyl precursor.4 Aryl C-H bonds can also form these types of initial a-
complexes before isomerizing to the more stable and sometimes observable R-arene adducts.5
Only three examples of structurally characterized metal-alkane interactions have been
reported. In the cases of a heptane found in the coordination sphere of an iron(II) double A-frame
porphyrin complex6 and a series of cyclic alkanes within the binding pocket of a uranium (III)
center, 7 host-guest interactions likely play a large role in the positioning of the alkane moieties
in the solid state. The recently reported rhodium(I)-norbomane adduct, on the other hand, seems
to be stabilized solely through a interactions.
These types of interactions between a C-H bond and a metal center can be greatly
stabilized when the C-H bond belongs to a ligand bound directly to the metal center. This kind of
intramolecular three-center two-electron interaction, first reported in the late 1960's for the
ruthenium9 and molybdenum' compounds shown on the left of Scheme 1.1, has become known
as an "agostic" interaction. " The nature and spectroscopic characteristics of this interaction
were first described by Trofimenko for the molybdenum compound shown in Scheme 1.1.10
Related compounds were further studied by Cotton, who identified the interaction as a three-
center two-electron bond and utilized variable-temperature NMR studies to probe its fluxionality
and energetics.' 2
HMe Me +
PPh3  EtB....C H Me RPBu2N //_11 p __
Ph 3P-Ru-PPh 2  N. CO R RC lC HH 
* 
H**:
N L C CI Rptu
co Me Me
Scheme 1.1. Examples of transition metal complexes that feature intramolecular agostic
interactions. See references 9, 10, 13, and 14.
The hydrogens involved in agostic interactions exhibit characteristic shifts to higher field
in their 'H NMR spectra, in contrast to the downfield shifts produced by related X-H---M
interactions (Table 1.1). 15 The weakened C-H bonds result in correspondingly lower C-H
stretches and JC-H couplings. As is also the case for the more elusive alkane adducts, agostic
interactions require an electrophilic metal center with an available, vacant coordination site.
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Metal character
Bonding nature
M..-- H-X ( 0 )
M -.- H (A)
H NMR 6 shift
1JC-H change
H
M----\ C
Agostic
Electron-deficient
3-center-2-e~
90-140
1.8-2.3
Upfield
Decrease
Anagostic/Preagostic
Mainly electrostatic
110-170
2.3-2.9
Downfield
No change
Metal H-bond
Electron-rich
3-center---4-e
160-180
2.6-3.5
Downfield
No change
Table 1.1. Parameters of M -- H-X interaction types. Adapted from reference 15.
1.3 Trigonal Pyramidal Geometries for Four-coordinate, d8 Transition Metal Complexes
Four-coordinate, 16-electron complexes of d8 transition metals such as rhodium(I),
iridium(I), palladium(II), and platinum(II) are predominantly found in square planar coordination
environments. While tetrahedral geometries have been observed in some high-spin, first row
complexes of cobalt and nickel, 16 and several examples of d8 complexes with sawhorse
geometries have been reported,' 7 the trigonal pyramidal configuration has remained more elusive
for this electronic configuration (Scheme 1 .2).
M .,~ M'
I
square planar tetrahedral trigonal pyramidal sawhorse
Scheme 1.2 Alternative geometries for four-coordinate metal complexes.
The orbitals of this geometry have been considered in the context of M(CO) 4 fragments
by Hoffman,' 8 and a correlation diagram for the energy levels for ML4 fragments of D4h, C3 v, and
Td symmetry is shown in Figure 1.1.
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square planar trigonal pyramidal
Figure 1.1. Energy levels for ML 4 fragments of D,4 1i C 3,, and
adapted from reference 18.
tetrahedral
Td symmetry. Figure
The rhodium complex [trop2SiMe]Rh(L) ([trop 2SiMe] = [bis(5H-dibenzo[ad]
cyclohepten-5-yl)MeSi]-), reported by GrUtzmacher, represents an example of an isolable,
trigonal pyramidal complex of a formally d8 rhodium(I) center (Scheme 1.3).19 The stability of
this conformation is hypothesized to arise from significant contribution of a d'0 rhodium(-1)-
silicon(+1) resonance form to the ground-state structure.
[trop2SiMe]Rh(L)
Scheme 1.3. Trigonal bipyramidal rhodium complex [trop2SiMe]Rh(L).
1.4 Transition Metal Dinitrogen Adducts
Since the discovery of [Ru(NH 3)5(N2)] in
nearly every transition metal have been reported.
1965 (Scheme 1.4 ),20 dinitrogen adducts of
H3N,., , .. *NH 3
H3N u 1 NH 3
NH3
Scheme 1.4. The first example of a transition metal dinitrogen adduct.
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These complexes are of particular interest in the context of N2 binding being the first step
in industrial and biological N2 activation and fixation, which is involved in the economically
important production of fertilizers. The industrial fixation of dinitrogen mainly occurs through
the Haber-Bosch process, which uses iron or ruthenium catalysts under high temperatures and
pressures to effect the transformation of N2 and H2 to ammonia. In contrast, biological N2
fixation by iron- and molybdenum-containing nitrogenase enzymes takes place under ambient
conditions, though it is still an energy intensive transformation requiring 16 equivalents of
MgATP per two equivalents of ammonia produced.
Transition metal N2 adducts are stabilized through a synergistic interaction analogous to
the Dewar-Chatt-Duncanson model of the binding in transition metal olefin complexes:2 2 a lone
pair from N2 donates into an empty metal d-orbital of a symmetry, while a filled metal d-orbital
of 71 symmetry back-donates into the N2 71* orbital (Figure 1.2). While both of these interactions
serve to strengthen the M-N bond, the 7r back-donation into the N2 a* antibonding orbital also
weakens and activates the N-N bond.
a-donation
i back-donation
Figure 1.2. Synergistic bonding in transition metal dinitrogen adducts.
This leads to weaker N-N bonds and correspondingly lower N-N stretching frequencies
for dinitrogen ligands bound to lower-valent and earlier transition metals which are more
effective back-bonders; conversely, N2 ligands bound to more electrophilic metal centers are less
activated and feature higher N-N stretches. Stable dinitrogen adducts of the late transition metals
are therefore less common, particularly those of nickel, palladium, and platinum. While these
species have been observed under conditions including ultra-high vacuum and in matrix isolation
experiments,23 there are only a few reported isolable examples of nickel N2 adducts, most of
which involve low-valent nickel(O) centers (see Chapter 3).
The synergistic bonding in transition metal N2 adducts raises the question of the relative
amounts of a-donation and it back-bonding involved in the M-N 2 interaction. One theoretical
approach to this problem involves performing a charge decomposition analysis (CDA) on
molecular orbitals calculated for both the whole adduct and for its substituent components.24 This
analysis then determines how much charge is transferred from each component to arrive at the
complete adduct. An additional experimental method of probing the relative a and a
contributions to an M-N bond is available for iron N2 adducts via comparison of the Mossbauer
spectroscopic parameters across a series of structurally related adducts, as a-donation and i
back-bonding contribute differently to isomer shift and quadrupole splitting.25
1.5 Transition Metal Dihydrogen Adducts
Dihydrogen was first shown to be capable of binding to a transition metal as an intact
molecule in 1984 with the report of reversible H2 binding to the unsaturated molybdenum and
tungsten complexes M(CO) 3(PCy3)2, which feature an intramolecular agostic interaction
(Scheme 1.5).2 Since then, the field has expanded to include dihydrogen adducts of almost every
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transition metal. 27 As these adducts represent intermediates along any H2 activation or
production pathway, their properties and reactivity are of great interest, particularly in the
context of efforts to create a hydrogen-based energy economy.
H H2  H-H
0C.,. .PCy 3  OC., .PCy 3
Cy 3 P _CO vacuum Cy 3 P CO
CO M = Mo, W Co
Scheme 1.5. The first example of a transition metal dihydrogen adduct.
Access to transition metal H12 adducts is most commonly achieved by either addition of
gaseous H2 to an unsaturated metal center, as is the case in the above example, or through
protonation of a metal hydride. These species are considered "non-classical," in contrast to
transition metal hydrides, as the nature of the M-H 2 bond is a three-center, two-electron
interaction similar to an agostic interaction. However, whereas agostic interactions are stabilized
only through a-donation from a bonding pair of electrons to an empty metal orbital, side-on
bound H2 adducts are additionally stabilized through 7r back-bonding from a filled metal orbital
of n symmetry into the a* of the H2 molecule (Figure 1.3). In this way, the metal-H 2 bonding
situation is parallel to the metal-N 2 interaction discussed in the previous section. This similarity
translates into a corresponding dearth of nickel H2 adducts, thermally stable examples of which
had not been reported before the work presented in Chapter 3.
a-donation
n back-donation
Figure 1.3. Synergistic bonding in metal dinitrogen complexes.
As metal dihydrogen adducts are related to the corresponding metal dihydrides by an
oxidative addition, confirmation of the presence of an intact H2 molecule requires experimental
methods that can differentiate between these two isomers. X-ray diffraction experiments are not
well-suited for locating hydrogen atoms near heavy metal centers and, while neutron diffraction
is a better choice for this application, rapid rotation of an H2 ligand can result in artificial
shortening of the crystallographically observed H-H distance. NMR methods are not affected by
this rotation and provide an indirect measure of the H-H distance, which should be much smaller
for intact dihydrogen moieties than for metal dihydrides. Minimum spin-lattice relaxation time
(Timn), which increases with H-H distance, can be measured for species that exhibit a 'H NMR
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resonance corresponding to the hydrogens in question. Timin values of ca. 100 ms or less have
been interpreted to indicate an intact dihydrogen ligand: this value, however, may be distorted by
other factors that affect a molecule's spin-lattice relaxation, including the presence of a metal
with a high magnetogyric ratio.2 7c A more reliable measure of H-H distance is the H-D coupling
constant for the HD isotopomer. The 0.74 A internuclear separation of free HD corresponds to a
JH-D of 43 Hz, while a labeled dihydride would be expected to exhibit an H-D coupling much
smaller than the 2-3 Hz observed for cis-diydrides.2 7c A large JH-D would therefore indicate a
short, intact H-H bond.
1.6 Transition Metal Carbon Dioxide Adducts
Efficient activation and reduction of carbon dioxide is a notoriously difficult but highly
sought-after goal, especially in light of this molecule's contribution to global warming. Though
CO 2 is a relatively poor ligand, many metal-CO 2 complexes have been successfully synthesized
and reported in the literature. 28 The binding modes available to mono- and di-metallic CO 2
complexes are shown in Scheme 1.6.
M-C M-0-C-0 M0
N.0
TI (C) 11 1 (0) TI2 (C,O)
C-0 M1-C M2/ \ /
M2
Scheme 1.6. Binding modes of CO2 to one or two metal centers. Lines depict
connectivity only and are not meant to show bond order.
Carbon dioxide adducts are predominantly derived from low-valent, electron-rich metal
centers that nucleophilically attack and bind to the central carbon atom of CO 2 . As a result, the
linear CO 2 molecule is reduced and bends upon binding; the C-O stretching frequencies
accordingly shift from 2349 cm-1 in free CO 2 to ca. 1400-1600 cm-1 for the coordination modes
shown above. Bridging to additional metal centers further activates the CO2 molecule. Rare
examples of linear C0 2, bound to a metal center in an q'(O) manner, have been reported for a
uranium(III) complex featuring a terminal CO2 ligand 29, 6b and a polymeric yttrium(II) species
with CO 2 bridges.
In nature, CO 2 is activated and reduced by various enzymes including carbon monoxide
dehydrogenase (CODH); the active site of this enzyme and its implications for molecular model
complexes are discussed in Chapter 6.
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I
2.1 Introduction
Electrophilic platinum(II) compounds have been studied extensively due to their ability
to activate C-H bonds such as those in methane and other cheap hydrocarbons." 2 As these
species, and four-coordinate d8 transition metal complexes in general, are almost always square
planar, it is of interest to consider how alternative four-coordinate geometries might impact the
electrophilicity and reactivity of platinum(II) centers (Scheme 2.1). Using the triphosphine silyl
scaffold [SiPR3] ([SipR = [(2-R 2 PC6 H4)3 Si]~; R = Ph, 'Pr),3 we sought to access trigonal
bipyramidal platinum(II) cations featuring weakly coordinated ligands in the axial site.
____I I I%*011*O
square planar tetrahedral trigonal pyramidal sawhorse
Scheme 2.1. Alternative geometries for ibur-coordinate metal complexes.
This chapter will discuss the synthesis and characterization of trigonal bipyramidal
[SiPR3]Pt.L cations, including a structurally characterized toluene adduct that presents a close
aryl C-H contact to the platinum center. A s C-H activation is thought to proceed through initial
coordination of the C-H bond to a metal center, the isolation of these so-called "a-ccmplexes is
a much sought-after goal. Though metal alkane complexes have been characterized in solution
and at low temperature, the only solid-state examples include heptane interacting with an iron(Il)
porphyrin, 4 cyclic alkanes in the coordination sphere of a uranium('111) center.5 and a recent
report of a rhodiun(1)-norbornane complex.6
We additionally demonstrate that it is possible to completely exclude the weak axial
donor of these cationic platinum complexes to afford a rigorously four-coordinate. trigonal
pyramidal platinum(I1) species. As the geometry of this divalent platinum center is in contrast to
the canonical square planar conformation, we proceed to discuss the optimal assignment of its
oxidation state and d-electron count. An isostructural complex is also shown to be accessible for
palladium(II). These species expand the small number of isolable d8 complexes that populate a
trigonal pyramidal geometry.7
2.2 Results and Discussion
2.2.1 Trigonal Bipyramidal [SiP 3] Platinum(II) Complexes
The neutral trigonal bipyramidal platinum(H) complexes [SiPh3s]Pt-CH 3 (2.1), [SiPPh3]Pt-
Cl (2.2), and [SiP h3]Pt-H (2.3) are readily accessible through Si-H activation of the phenyl-
substituted [SiPPh3]H ligand with (COD)PtMe2, (COD)PtCl2. and Pt(PPh3)4, respectively
(Scheme 2.2). These yellow complexes exhibit three-fold symmetry in solution at room
temperature, as evidenced by single .'P NMR chemical shifts at 23.2, 29.3, and 34.0 ppm,
respectively. These resonances also exhibit satellite doublets due to coupling to the I = % nuclear
spin of the 33% abundant 195Pt isotope, with .JPt-p values of 3104, 3064, 3092 Hz, respectively.
The solid-state structures of these complexes were determined through X-ray diffraction studies
and reveal their trigonal bipyramidal geometries (Figure 2.1). The diffraction data for 2.3 was of
sufficient quality that the apical hydride was located in the electron density difference map and
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its coordinates refined freely.8 The average T5 value of these compounds is 0.88, where a value of
1 represents an ideal trigonal bipyramid while a value of 0 represents an ideal square pyramid.9
x
a) (COD)PtMe 2  Ph I .PPh 2b) (COD)PtCl 2, NEt3  Ph-P--Pt ' 2
c) Pt(PPh3 )4  | Ph2[SiPPh3]H ,,,,.- si..
a)X=CH 3 (2.1)
b) X = CI (2.2)
c) X = H (2.3)
Scheme 2.2. Syntheses of neutral trigonal bipyramidal complexes 2.1, 2.2, and 2.3.
C
OR, H
P p PH Pt
Figure 2.1. Solid-state structures of 2.1 (left), 2.2 (middle), and 2.3 (right). Thermal
ellipsoids drawn at 50% probability. Ligand hydrogen atoms omitted and ligand phenyl
rings abbreviated for clarity.
|- platinum(0)-|
}- platinum(II)-|
platinum(IV) -
I I I I I I I
10000 7500 5000 2500 0 -2500 -5000 -7500 -10000 ppm
Figure 2.2. 1 95Pt NMR chemical shift ranges for different platinum oxidation states.
Chemical shifts relative to [PtCl6 ]2- in D20 at 0 ppm. Figure adapted from reference 10.
As platinum has an NMR-active isotope, we sought to probe the electronic environment
of these platinum centers through their 195Pt chemical shifts. However, we were unable to
directly observe any 195Pt resonances in the entire chemical shift window reported for
platinum(II) compounds (Figure 2.2), 10 and sought an alternate method of obtaining this
information. We thus turned to 2D NMR methods, and used a 'H/ 195Pt HMBC experiment to
locate the 195Pt chemical shifts that exhibit coupling to the ligand protons. In the case of 2.1, the
large two-bond coupling of 49.6 Hz between the platinum center and the methyl protons was
easily ascertained from the observed platinum satellites of the methyl 1H resonance. This allowed
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us to canvass the 195Pt NMR window for chemical shifts that correlate to these protons with this
magnitude of coupling. As is shown in Figure 2.3, the resulting spectrum exhibits two sets of
quartets centered at -5928 ppm in the 195Pt dimension, corresponding to the 195Pt satellites of the
methyl peak. The quartet splitting of the 195Pt signal arises from the one-bond coupling to the
three equivalent ligand phosphines, and is consistent with the coupling constant obtained from
the 31P spectrum. For the platinum chloride 2.2, the protons nearest to the metal center are aryl
protons three bonds away; these were found to have small but detectible couplings to the
platinum center. The 'H/195Pt HMBC NMR spectrum of 2.2, shown in Figure 2.4, revealed a
more downfield platinum chemical shift of -4562 ppm, consistent with the electron-withdrawing
nature of the chloride ligand in comparison with the methyl group of 2.1. Once these chemical
shifts were located, we attempted to obtain the corresponding ID 195Pt NMR spectra. However,
we were still unable to directly observe these resonances, perhaps due to the signal being both
split by the ligand phosphines and broadened by the high chemical shift anisotropy of 195Pt.'1
%,S5 SO LO 7358 0 1 . .0 S3 50 43 4 3 .0 .0 1.0 0Q 00 05 10 .1 -. 0
Figure 2.3. 'H/195Pt 2D HMBC NMR spectrum of 2.1. 'H NMR resonances along
horizontal axis and 195Pt NMR resonances along vertical axis.
Figure 2.4. 'H/ 9 Pt 2D HMBC NMR spectrum of 2.2. IH NlM resonances along
horizontal axis and 195Pt NMR resonances along vertical axis.
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2.2.2 Access to Weakly Bound Solvent Adducts of Cationic Platinum(II)
CH 3  L IBArF4
Ph P-- 1 . PPh 2  H(OEt2)2BArF4, L Ph--I .PPh 2Ph p 
__;4____________ PPh 2
h2- CH4
2.1
L = Et20 (2.5)
L = CH2CI2 (2.6)
L = toluene (2.7)
Scheme 2.3. Syntheses of cationic [SiPPh3 ] platinum solvent adducts.
Protonation of 2.1 in CH2 Cl2 at room temperature with H(OEt 2)2BArF4 (BArF4 = B[3,5-
(CF 3)2C6H3]4) provides access to a series of cationic solvent adducts (Scheme 2.3). The colors of
these complexes range from yellow in the acetonitrile adduct to orange in the diethyl ether
{ [SiPPh3]Pt(OEt 2)} {BArF4 } (2.4) and dichloromethane { [SiPPh3]Pt(Cl2 CH 2 )} {BArF4} (2.5)
adducts and orange-brown in the toluene adduct {[SiPPh3 ]Pt(toluene)} {BArF4} (2.6). The UV-
visible spectra of these compounds show the corresponding shifts in absorption maxima (Figure
2.5). These colors thus seem to reflect the donor strength of the solvent, and are consistent with
absorptions arising from d-d transitions from a dX,/dx2-y2 HOMO to a dz2 LUMO which shifts to
higher energy upon binding of stronger-donating axial ligands (Figure 2.6). The 195Pt resonance
of toluene adduct 2.6, which exhibits the lowest-energy transition, was detected at -3860 ppm
(Figure 2.7); this chemical shift is markedly downfield from the neutral methyl and chloride
compounds 2.1 and 2.2, and is consistent with the cationic character of 2.6 (Figure 2.6).
2
1.8
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1.4 -- MeCN
1.2 -- Et2O
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0.8 -- CH2CI2
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Figure 2.5. UV-visible spectra of cationic solvent adducts.
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Figure 2.7. 1H/1 Pt 2D HMBC NMR spectrum of 2.6. rH N1MR resonances along
horizontal axis and 195Pt NMR resonances along vertical axis.
The solid-state structures of 2.4 and 2.5, obtained from crystals grown by slow diffusion
of pentane into solutions of the respectively bound solvent, reveal long platinum-oxygen and
platinum-chlorine distances of 2.391(3) and 2.6236(16) A, respectively (Figure 2.8). Though
multiple attempts to crystallographically characterize the toluene adduct were frustrated by
positional disorder of the toluene, we were fortunately able to obtain a high-quality data set of
the toluene adduct 2.6 with no observed disorder in the cationic moiety of interest. The solid-
state structure of 2.6 reveals a canted toluene molecule in the apical binding pocket that suggests
possible coordination of the toluene to the cationic Pt center through the para- aryl C-H bond,
rather than the n-cloud of the aryl ring (Figure 2.9). Such an interaction is of particular interest
for an electrophilic platinum species, as studies have suggested that aryl C-H bond activations
proceed via an initial aryl C-H a-complex that isomerizes to a more stable, and in certain cases
observable, nc-arene adduct species."
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Figure 2.8. Solid-state structures of 2.4 (left) and 2.5 (right). Thermal ellipsoids drawn at
50% probability. Hydrogen atoms and BAr F4 anions omitted and ligand phenyl rings
abbreviated for clarity. Selected bond lengths (A) and angles (0) for 2.4: Pt-O 2.391(3),
0-Pt-Si 174.06(9); for 2.5: Pt-Cl 2.6236(16), Cl-Pt-Si 174.48(5).
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Figure 2.9. (Left) Solid-state structure of 2.6. Thermal ellipsoids drawn at 50%
probability. Hydrogen atoms, except for the para- position of the toluene, and BAr F 4
anions omitted and ligand phenyl rings abbreviated for clarity. (Right) Schematic
diagrams of the toluene moiety with selected bond lengths (A) and angles (*).
Due to the extremely weak nature of these interactions, C-H a-complexes have mostly
been detected transiently or indirectly. 12 Notable exceptions include a rhodium(I) a-methane
complex characterized by NMR at low temperatures13 and the structurally characterized iron,
uranium, and rhodium alkane complexes mentioned in the introduction.- 6
The para- hydrogen of the toluene molecule was located in the difference map at and
refined to distance of 1.007(46) A from the para carbon atom, in contrast with three of the other
aromatic hydrogens, which were located at an average of 0.96 A from their respective carbon
atoms. Calculated positions of the ortho- and meta- toluene hydrogens were used in the final
structure refinement, while the para- hydrogen was refined freely8 to a distance of 2.672 A from
the platinum center. The corresponding para- carbon is 2.766 A from platinum, and the Pt-Hpara-
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Cpara angle is 84.00. These values fall slightly outside the normal range for intramolecular agostic
interactions. 14 The observed platinum-Hpara distance is close to the sum of their van der Waals
radii, which was calculated to be between 2.73 and 2.80 A." Additionally, the closest contacts
between the toluene molecule and the ligand phenyl rings range from 2.301 to 3.336 A. These
parameters suggest that host-guest interactions may play a role in stabilizing the observed
toluene adduct structure, as has been proposed for the structurally characterized iron and uranium
alkane adducts.4 6
The three shortest distances between the platinum and the toluene carbon atoms are 2.766,
3.012, and 3.518 A for the para- and two meta- carbon atoms, respectively (Figure 2.9, top right).
All interior dihedral angles within the benzene ring of the toluene molecule are smaller than 1.0',
reflecting its maintained planarity.' 6 Additionally, while there is one anomalously short C-C
bond length of 1.347 A between Cl 4 and C 15. there does not appear to be any alternation of
bond lengths nor any bonds longer than 1.390 A within the ring (Figure 2.9, bottom right). These
metrical parameters are inconsistent with formulation of the platinum-toluene interaction as an 11,
Ti2, or -i arene coordination.17
The three-fold symmetry of 2.6 in toluene solutions, evidenced by the single observed 3 1p
resonance, indicates that the weak platinum-toluene interaction is fluxional and likely in rapid
exchange with the bulk solvent. However, non-arene solvents in which 2.6 is soluble. such as
CD 2Cl 2 and CDCl 2F, appear to preferentially bind over the toluene molecule at temperatures as
low as -100 0C, frustrating our attempts to characterize the Pt-toluene interaction in by solution
NMR spectroscopy.
DFT minimization of the cationic {[SiPPh3 ]Pt(toluene))+ fragment resulted in fairly close
replication of the experimentally obtained structure. However, we were unable to find any
evidence of an orbital interaction between the toluene molecule and the cationic platinum center.
Overall, the experimental and theoretical parameters suggest that while there may be some
interaction between the aryl C-H- bond and the platinum center, electrostatic and host-guest
interactions likely play a significant role in stabilizing the observed solid-state structure.
2.2.3 Trigonal Bipyramidal [SiPwr3] Platinum(II) Complexes
x
a) (COD)PtMe 2  Pri I P'Pr
b) (COD)PtCl 2 , NEt3  'PrP-Pt" 2
c) Pt(PPh 3)4
[SiP 3]H - si
a) X = CH 3 (2.7)
b) X = CI (2.8)
c) X = H (2.9)
Scheme 2.4. Syntheses of neutral trigonal bipyramidal complexes 2.7, 2.8, and 2.9.
The neutral, trigonal bipyramidal complexes [SipiPr 3]Pt-CH 3 (2.7), [SlpiPr3]Pt-Cl (2.8),
and [SpiPr3]Pt-H (2.9), can be synthesized in a manner analogous to that of their phenyl ligand
counterparts. These yellow complexes exhibit three-fold symmetry in their solution 3 1 pH}
NMR spectra, which feature single resonances at 25.6, 40.9, and 46.2 ppm, respectively; satellite
doublets arising from coupling to 195Pt are also present, with couplings of 2967, 2979, 2993 Hz,
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respectively. The room temperature 'H NMR spectra of these complexes feature a single broad
resonance, corresponding to all six equivalent methine protons, and two large peaks that
integrate to 18 protons each, corresponding to two distinct environments for the 36 methyl
protons. As with the complexes of the phenyl-substituted system, we were unable to directly
observe the 195Pt NMR of these species, but could indirectly ascertain their chemical shifts
through 2D 195Pt/'H HMBC NMR experiments. These experiments allowed us to observe the
195Pt resonances, split by the three equivalent ligand phosphines, through coupling between the
platinum centers and the methine and methyl protons. The chemical shifts of -6324, -4439, and -
6039 ppm for 2.7, 2.8, and 2.9, respectively, again reflect the electronic nature of the apical
ligand (spectrum of 2.7 shown in Figure 2.10, others in Appendix B). An X-ray diffraction study
of crystals of the platinum hydride 2.9, grown by diffusion of pentane into a THF solution, was
of sufficient quality to locate the hydride in the electron density difference map (Figure 2.11).
The hydride position was refined freely, and the trigonal bipyramidal geometry is close to ideal,
with a T5 value of 0.94.
i t ?h 6.5 U 63 4 4 33 30 23 20 13 40 0. . 0 1 1
Figure 2.10. 'H/'6Pt 2D HMBC NMR spectrum of 2.7. 'H NMR resonances along
horizontal axis and 195Pt NMR resonances along vertical axis.
Si
Figure 2.11. Solid-state structure of 2.9. Thermal ellipsoids drawn at 50% probability.
Ligand hydrogen atoms omitted for clarity.
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2.2.4 Access to a Cationic, Trigonal Pyramidal Complex of Divalent Platinum
CH 3
' PrP--- t r2 H(OEt2)2BArF4
j */r - CH 4
2.10
Scheme 2.5. Synthesis of 2.16.
2.16
Protonation of the platinum methyl complex 2.7 with H(OEt2)2BArF4 in dichloromethane
solution results in an immediate color change to a dark purple solution (max = 494 nm, E = 964
cm-1 M1, Figure 2.12), in contrast to the yellow-orange to brown colors of solvent adducts such
as 2.5. While the 1H NMR spectrum retains the same general characteristics as those of the other
[SiP'r'3]Pt-X compounds, the 3 1P NMR resonance is drastically shifted downfield to 102.1 ppm,
in contrast to ca. 22 to 46 ppm for the five-coordinate [SiPR3]Pt-X complexes described above.
The phosphorus-platinum coupling of 2914 Hz remains in line with those observed for five-
coordinate [SiPiPr3]Pt-X. The 195Pt NMR resonance of 2.10, again located indirectly through a 2D195Pt/1H HMBC experiment, is also shifted significantly downfield and appears at -2818 ppm
(Figure 2.13). In comparison to the other neutral and cationic [SiPR3] platinum species for which
we obtained 195Pt chemical shifts, 2.10 exhibits the most downfield resonance (Table 2.1).
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Figure 2.12. UV-visible spectrum of 2.10. Spectrum taken in CH 2Cl2; ma = 494 nm, e =
964 cm' M1 .
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Table 2.1. 19 Pt chemical shifts of selected [SiPK3] platinum complexes. Chemical shifts
observed indirectly through 'H/19 5Pt 2D HMBC NMR experiments.
Figure 2.14. Solid-state structure of 2.10. Thermal ellipsoids drawn at 50% probability.
Hydrogen atoms and BArF4 anion omitted for clarity.
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The solid-state structure of a single crystal grown from slow evaporation of a
dichloromethane solution reveals the identity of this dark purple species to be the four-coordinate,
trigonal pyramidal complex {[SjiPr 3]Pt} {BArF4} (2.10) (Figure 2.14). The structure of 2.10 was
refined in P-1 to an RI of 0.0358 and a wR2 of 0.0767, and the only disorder observed involved
rotation of the -CF 3 groups on the BArF4 anion. The platinum center deviates minimally from the
plane of the phosphines, as the P-Pt-P angles sum to 3580. Additionally, the r4 value of 2.10 is
0.855, where T4 is 0.851 for an ideal trigonal pyramid, 0 for an ideal square plane, and 1 for an
ideal tetrahedron.1 8 The closest approach to the platinum center, other than the phosphorus and
silicon atoms of the immediate coordination sphere, is an isopropyl methyl hydrogen that is
3.344 A away, which is larger than the sum of their respective van der Waals radii and well
outside the range of a plausible agostic interaction. These data are consistent with the solution 'H
NMR spectrum which, like those of the neutral trigonal bipyramidal complexes, exhibits a single
methine and two methyl resonances at RT. The geometry of 16-electron 2.10 thus seems to be
truly four-coordinate and trigonal pyramidal.
N N
Pt
P
Figure 2.15. Solid-state structure of 2.11 (left) and 2.12 (right). Thermal ellipsoids drawn
at 50% probability. Hydrogen atoms, except for those on the acetonitrile moiety, and
BAr F anion omitted for clarity.
The bulky nature of the isopropyl-substituted [SiP'r3] ligand precludes cationic 2.10 from
binding solvents such as benzene, dichloromethane, diethyl ether, and THF. Indeed, an X-ray
diffraction analysis of crystals grown from cooling a THF solution of 2.10 afforded the same
solid-state structure as those grown from CH 2CI2. We note that prolonged exposure of THF to
2.10 at room temperature results in polymerization of the solvent. The platinum center is,
however, accessible to linear molecules, and the addition of acetonitrile affords the 18-electron,
trigonal bipyramidal adduct {[SiPiPr3]Pt(NCMe)} {BArF4} (2.11) (Figure 2.15, left). The linearity
of the acetonitrile maintains the C3 symmetry of the cationic fragment, resulting in a single
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3 1P{1 H} NMR resonance at 43.9 ppm. The strongly bound acetonitrile moiety renders this
species colorless, in contrast to the various colors of the solvent adducts 2.4, 2.5, and 2.6. When
an excess of the strongly binding but bulky pyridine is added to 2.10, the solution immediately
turns colorless and only one extremely broad peak is observed at about 39.9 ppm in the 3 1P{IH}
NMR spectrum. The 1H NMR spectrum indicates a species of C3 symmetry, as it only exhibits
one methine peak and one methyl peak. An X-ray diffraction study of crystals grown by
diffusion of pentane into a CH 2Cl 2 solution reveals a compound whose geometry seems
inconsistent with the NMR spectra, but more typical of canonical platinum(II): the four-
coordinate, square planar pyridine adduct {j[SPi 3]Pt(pyridine)}{BArF4} (2.12) (Scheme 2.6;
Figure 2.15, right). In the solid-state structure of 2.12, one of the ligand phosphine arms has been
displaced by the bulk of the bound pyridine and is rotated roughly 180' about the C-Si bond. The
pyridine is bound trans- to the silyl moiety, which results in a molecule of approximate Cs
symmetry. This conformation would be expected to exhibit two discrete 31P chemical shifts, with
the free phosphine expected to resonate close to the 1.7 ppm observed for the free H[SiP'P 3]
ligand. 19 The disparity between the NMR spectra and solid-state structure is explained by an
equilibrium mixture in solution between the trigonal pyramidal 2.10 and the square planar
pyridine adduct. This is consistent with the fact that an excess of pyridine is required for
complete transformation to 2.12.
B H9  pyridine P'Pr2
2.9 I- {[SiPIPr 3]Pt(H2)}+ 2.10 - - Pt-pyr
- BH* 2.11 
'Pr2P PIPr2
2.12
Scheme 2.6. Reactions of four-coordinate complex 2.10.
Addition of an atmosphere of dihydrogen to an evacuated sample of 2.10 results in an
immediate lightening of the dark purple solution to a pale pink solution. The room temperature
-I NMR spectrum of this species exhibits a broad resonance at -2.40 that integrates to two
hydrogens while the rest of the 111 peaks attest to its three-fold symmetry (Figure 2. 16. top). The
31 } 1 NMR spectrum likewise contains only one resonance at 52.4 ppm. with "'Pt satellites
with a "Jept of 2766 Hz. These parameters suggest the formation of the cationic H2 adduct
{[SiP'' 3]Pt(H 2)} {BArr } (2.13). The coordinated H2 resonance has a T 1 im of 26 ms (500 MHz, -
50 C) and exhibits 95pt satellites with 1Jpts = 264 Hz upon cooling to -70 'C. The analogous
HD complex has a 1 H-D of 33 Hz (Figure 2.16, bottom). These values are consistent with an
intact dihydrogen ligand rather than a dihydride species.2 ( The broadness of the coordinated H2
resonance at room temperature, along with the absence of the free -2 resonance at 4.54 ppm,
suggest that the H2 ligand is very weakly bound and rapidly exchanging with free H2 at this
temperature. The free 112 resonance and the Pt-H coupling are only observed upon cooling below
-50 'C. The weak binding of the H2 ligand is also consistent with the observation that 2.13
persists only under an atmosphere of 112: exposure to a dinitrogen environment results in
regeneration of 2.10. Though the H2 ligand in 2.13 is only weakly bound and activated, it can
undergo heterolytic cleavage upon deprotonation with 2,6-lutidine, delivering a hydride to the
cationic platinum center to regenerate the platinum hydride 2.9 (Scheme 2.6, left).
48
JH-D = 33 Hz
~TH-4
1 Pt-H = 258 Hz
-15s -2.0 -2.5 -3.0
Figure 2.16. 1H NMR spectrum of H2 adduct 2.13 at room temperature (top) and close-
up of upfield region of HD adduct 2.13' at -70 'C (bottom). Both spectra taken in CD 2 Cl 2 .
The arrow indicates where free H2 should resonate. Broad peak marked with a '*' sign
corresponds to the bound dihydrogen.
2.2.5 Examination of the d-electron Count and Oxidation State Assignment of 2.10
A structurally related, trigonal pyramidal platinaboratrane complex, (TP B)Pt (TP B =
(2-'Pr2PC6H4)3B), was recently accessed via a platinum(0) precursor and exhibits an electronic
spectrum similar to that of 2.10.21 While the platinaboratrane complex was formulated as
platinum(0), its close electronic relationship to 2.10 is evident and the two systems can be
considered valence isoelectronic. Additionally, the trigonal pyramidal geometry of the reported
[trop 2SiMe]Rh(L) ([trop 2SiMe] = [bis(5H-dibenzo[adlcyclohepten-5-yl)MeSi]-), which also
features a silyl moiety bound to the metal center, was hypothesized to be stabilized by strong
contribution of a d1 -rhodium/silyl-cation resonance.7 These purported d10 trigonal pyramidal
complexes raise the question of whether 2.10 would be better formulated as a platinum(0) center
ligated to a cationic silylium moiety, particularly in light of platinum's relative electronegativity
(Pt: 2.28, Si: 1.90 on the Pauling scale). If this were the case, the LUMO of ai symmetry would
be expected to be predominantly silicon-based, while the filled bonding combination would be
platinum-based, resulting in a d1 4 platinum center. We thus turned to computational methods to
examine the electronic structure of 2.10. Minimization of the cationic fragment of 2.10 by DFT
methods affords a close replication of the structure observed in the solid-state. The frontier
orbitals were obtained from a single-point calculation and are depicted in Figure 2.17. The high-
lying LUMO of d z parentage, with a lobe protruding into the empty axial site opposite the silyl
anchor, is well separated from an in plane HOMO of d, parentage. The metal d-orbital parentage
assignments are based on the contributions of atomic orbitals to the respective molecular orbitals.
In the case of the HOMO, for example, the coefficients for the contribution from d-orbitals of dxy
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and dx2 _Y2 symmetry were at least an order of magnitude larger than the coefficients for the other
d-orbitals. Similarly, for the LUMO, the contribution of the d' atomic orbital is at least an order
of magnitude larger than the other d-orbitals. The relative contributions of platinum vs. silicon to
the HOMO and LUMO were probed by artificially removing/adding an electron from/to the
calculated molecular orbitals without changing any of the orbital coefficients or energies, and
then determining the distribution of spin density. This method allowed us to roughly conclude
that both the HOMO and LUMO are predominantly of Pt character: 44% Pt vs. 1% Si and 54%
Pt vs. 23% Si, respectively. Similar results were obtained from calculations performed on the
reported (TP'i'B)Pt, suggesting that perhaps the platinum center of this complex should instead
be considered to have been oxidized to platinum(II) by the borane.23
LUMO
5
E HOMO(ev)
HOMO-1
10-
HOMO-8
HOWO-9
Figure 2.17. DFT calculated frontier molecular orbitals of 2.10. HOMO and HOMO-1
are shown from the top, looking down the Pt-Si axis; others shown from the side, looking
perpendicular to the Pt-Si axis.
Aside from these theoretical considerations, the electrophilicity of 2.10 and the
corresponding {[SiP h]Pt 3}+ system, which scavenges even very weak ligands, lends further
credence to the d8 formulation. Additionally, the 29 Si chemical shift of 2.10 is observed at 15.6
ppm, indicating a silicon character closer to that of free silane than to the more highly deshielded
silicon in trigonal pyramidal (trop2SiMe)Rh(L), which exhibits 29Si shifts of ca. 100 ppm.7 These
parameters, taken together, lead us to consider compound 2.10 as a bonafide divalent, trigonal
pyramidal platinum(II) complex.
2.2.6 Related [SiP' *'3] Palladium(II) Complexes
With these platinum compounds in hand, we began to canvass the related palladium
system for comparison. The yellow complexes [SiP' 3]Pd-CH 3 (2.14) and [SipiPr 3]Pd-Cl (2.15)
are synthesized in the same manner as their platinum counterparts. Protonation of 2.14 with
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H(OEt2)2BAr4F in a dichloromethane solution immediately affords a deep red solution (ax =
463 nm, Figure 2.18) with a corresponding single 31P{ 1H} NMR resonance at 53 ppm. An X-
ray diffraction experiment on a single crystal of the product grown from dichloromethane
confirms the identity of this species as the four-coordinate trigonal pyramidal Pd(II) species,
{[SiPiPr3]Pd}{BArF4} (2.16) (Figure 2.19).24 The most notable divergence of 2.16 from the
properties observed for 2.10 lies in its reactivity with dihydrogen. No color change occurs upon
addition of 1 atm H2 to an evacuated sample of 2.16, and no new upfield peaks are detected in
the 1H NMR spectrum, even upon cooling from room temperature to -90 *C. Intriguingly, free
H2 peaks are also not observed at any of these temperatures, suggesting a weak fluxional
interaction between H2 and the cationic palladium center. As dihydrogen adducts of palladium
have so far only been detected in low-temperature matrices,25 compound 2.16 could serve as a
model for future attempts at isolating a thermally stable palladium dihydrogen adduct.
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
300 400 500 600
wavelength (nm)
700 800
Figure 2.18. UV-visible
931 cm~' M'.
spectrum of 2.16. Spectrum taken in CH 2Cl2; Xmax = 463 nm, , =
Figure 2.19. Solid-state structure of 2.16. Thermal ellipsoids drawn at 50% probability.
Hydrogen atoms and BArF4 anion omitted for clarity.
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2.3 Conclusion
We have described the synthesis of cationic platinum complexes of two different ligand
systems which exhibit disparate properties and reactivity, attesting to the influence of both steric
and electronic aspects of the [SiPR3] ligand. The phenyl-substituted ligand was shown to provide
access to cationic platinum centers that scavenge any available ligand, possibly including a C-H
bond of toluene in compound 2.6. In contrast, the isopropyl-substituted ligand, which is both
more electron-rich and more sterically encumbering, allowed isolation of a four-coordinate,
trigonal pyramidal platinum(II) species. The stability of this species was shown to arise from
both the decreased electrophilicity imparted by the isopropyl ligand substituents and the steric
protection of these bulky groups. This balance is most apparent in the observation of an
equilibrium between the trigonal pyramidal 2.10 and the square planar pyridine adduct 2.12. The
trigonal pyramidal palladium analogue 2.16 was additionaily isolated and shown to weakly
interact with molecular dihydrogen in contrast to its platinum counterpart, which is able to bind
H 2.
2.4 Experimental Section
2.4.1 General Considerations
All manipulations were carried out using standard Schlenk or glovebox techniques under
an atmosphere of dinitrogen. Solvents were degassed and dried by sparging with Ar gas and
passage through an activated alumina column. All reagents were purchased from commercial
vendors and used without further purification. Deuterated solvents were purchased from
Cambridge Isotopes Laboratories, Inc. and were degassed and stored over activated 3 A
molecular sieves prior to use. Reagents were purchased from commercial vendors and used
without further purification unless otherwise noted. [SiPPh31Hi9 LSipiPr3]H, 9 (COD)PdMeC. 2 6
and H(BArF4).2Et 20 2 were synthesized according to literature procedures with the following
modification: H(BAr )-2Et 2O was synthesized using a solution of 1.2 M HC! in Et20 was used
instead of gaseous HCI. Elemental analyses were performed by either Columbia Analytics
(Tucson, AZ) or Midwest Microlab (Indianapolis, IN).
2.4.2 Spectroscopic Measurements
1H, C, FF. 29 Si, and 3 1P NMR spectra were collected at room temperature, unless
otherwise noted, on Varian Mercury 300 MHz, Bruker Avance 400 MHz, and Varian Inova 500
MHz NMR spectrometers. 195 Pt resonances were detected indirectly by a 'H/195Pt 2D HMBC
experiment at room temperature on a Varian 400 MHz spectrometer with a broadband auto-tune
OneProbe. Due to the lower resolution of these 2D spectra, the one-bond Pt-P coupling constants
obtained from the corresponding 31P spectra should be considered more accurate. 1H and 13C
spectra were referenced to residual solvent resonances. '9 F spectra were referenced to external
C6F6 (6 = -164.9 ppm). 29 Si spectra were referenced to external tetramethylsilane (6 = 0 ppm).
31P spectra were referenced to external 85% phosphoric acid (6 = 0 ppm). P95Pt spectra were
referenced by using the "setref" protocol in Varian's VnmrJ software, which derives the
chemical shifts from known frequency ratios of the 195Pt standard (1.2M Na2PtCl6 in D20 at 0
ppm) to the lock signal of the deuterated solvent.28,29 IR measurements were obtained from KBr
pellets using a Bio-Rad Excalibur FTS 3000 spectrometer with Varian Resolutions Pro software.
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2.4.3 X-ray Crystallographic Details
X-ray diffraction studies were carried out at the MIT Department of Chemistry X-ray
Diffraction Facility on a Bruker three-circle Platform diffractometer coupled to a Bruker-AXS
Smart Apex CCD detector. Crystals suitable for X-ray diffraction were grown as described in the
syntheses section. Data were collected at 100K using Mo Kc radiation () = 0.71073 A).
Structures were solved by direct or Patterson methods using SHELXS and refined against F2 on
all data by full-matrix least squares with SHELXL-97.30 All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were placed at geometrically calculated positions and
refined using a riding model, with the exception of the hydrides bound to Pt in 3 and 9 and the
para- hydrogen of the toluene in 6. The hydrogen atoms of note in 9 and 6 were located in the
difference Fourier synthesis and refined semi-freely, while the hydride in 3 was constrained to a
Pt-H distance equivalent to that of 9. The isotropic displacement parameters of all hydrogen
atoms were fixed at 1.2 (1.5 for methyl groups) times the Ueq of the atoms to which they are
bonded. All ligand isopropyl hydrogen atoms for 10 could be located in the difference map and
were consistent with the calculated position used in the final refinement. All structures contained
disorder in either the solvent molecules or the -CF 3 groups of the BAr F4 anions. All disorders
were refined with the help of similarity restraints on equivalent 1-2 and 1-3 distances. Disordered
-CF 3 groups were modeled as an idealized disorder over two positions rotated 600 from one
another, with equivalent fluorine atoms constrained to have equal anisotropic displacement
parameters.
2.4.4 DFT Calculations
All DFT calculations were performed while at the Massachusetts Institute of Technology.
The single-point and geometry optimization calculations were done with the Gaussian03 suite at
the B3LYP level. 3 1 The LANL2DZ basis set was used for Pt, Si, and P, with diffuse and
polarization functions for Si and P. The 6-31G (d,p) basis set was used for C and H. The relative
contributions of Pt vs, Si to the HOMO and LUMO were probed by artificially removing/adding
an electron from/to the calculated molecular orbitals, without changing any of the orbital
coefficients or energies, and determining the distribution of spin density.
2.4.5 Syntheses
Note concerning lack of C,H,N data for the solvent adducts 4, 5, and 13, and the H2
adduct I la,b. The cationic solvent adducts 4, 5, and 13, in addition to the H 2 and HD adducts
1 la,b, can be generated cleanly and according to NMR spectroscopy by the methods described
below, but the fifth ligand is labile under vacuum or slow evaporative drying, and this fact
frustrates attempts to obtain reliable C,H,N data. C.H,N data is provided for all other complexes.
Crystals selected for X-ray diffraction experiments were representative of the batches of crystals
grown for 4, 5, and 13.
Synthesis of [SipPh'3 Pt-CH3 (2.1). Under a dinitrogen atmosphere, [SiPPh31H (0.941 g, 1. 16
mmol) and (COD)PtMe 2 (0.386 g, 1.16 mmol) were placed in a resealable Schlenk tube with
toluene (40 mL). The tube was sealed and heated to 70 'C for 18 h, resulting in a golden yellow
solution with some yellow precipitate. The solvent was removed in vacuo. To the residues was
added diethyl ether (50 mL) under air, and an off-white powder was collected on a frit and
washed with additional portions of diethyl ether to yield analytically pure [SiPPh3]Pt-CH 3 (0.997
g, 84%). The complex is stable to air and moisture indefinitely. Crystals suitable for X-ray
diffraction were grown by diffusion of petroleum ether vapors into a THF solution. IH NMR
(CD 2Cl 2, 6): 8.51 (d, J= 7.5 Hz, 3H), 7.48 (t, J= 6.8 Hz, 3H), 7.23 (m, 6H), 7.06 (m, 6H), 6.88
(m, 24H), 0.34 (q, 3 JP-H = 6.9 Hz, Jt-H = 49.6 Hz, 3H, Pt-CH). 3C{'H} NMR (CD 2Cl 2, 6):
153.3 (m) 149.4 (m), 139.1 (m), 133.5 (s, Jet-c = 24.6 Hz), 133.2 (m), 132.5 (q, J= 4.5 Hz),
129.9 (s), 128.8 (s), 128.5 (s), 128.1 (m), -35.4 (q, 2 Jp-c = 10.1 Hz, IJpt-c = 458 Hz, Pt-CH3).31pl H} NMR (CD 2Cl 2, 6): 23.2 (s, 1Jp,.p = 3104 Hz). 195Pt NMR (CD 2Cl2, 6): -5928 (q, 'Jt-, =
3114 Hz). IR (KBr, cm-1): 3051, 2974, 2864, 1580, 1477, 1429, 1304, 1248, 1182, 1126, 1089,
1065, 1027, 907. Anal. Calcd. for C55H45SiP3Pt: C, 64.63; H, 4.44. Found: C, 64.82; H, 5.35.
Synthesis of [SiPPh3]Pt-Cl (2.2). Under a dinitrogen atmosphere, [SiPPh3]H (0.631 g, 0.776 mmol)
and (COD)PtCl 2 (0.290 g, 0.775 mmol) were placed in a resealable Schlenk tube with THF (20
mL) and triethylamine (1.5 mL). The tube was sealed and heated to 70 'C for 1.5 h, resulting in a
yellow solution with bright yellow precipitate. This mixture was poured under air into a 250 mL
separatory funnel with dichloromethane (75 mL). The combined organic fraction was then
washed with water (150 mL), sodium bicarbonate (saturated aq. solution, 2 x 150 mL), and water
(150 mL). The cloudy yellow organic fraction was dried over anhydrous magnesium sulfate,
filtered through Celite, and evaporated to dryness by rotary evaporation. Diethyl ether (50 mL)
was added with stirring, and a bright yellow powder was collected on a sintered glass frit and
washed with several portions of diethyl ether to yield spectroscopically pure [SiPPh3 ]Pt-Cl (0.571
g, 71%). Analytically pure material was obtained by recrystallization from
dichloromethane/petroleun ether. The complex is stable to air and moisture indefinitely. Crystals
suitable for X-ray diffraction were grown by layering a dichloromethane solution with petroleum
ether. 1 H NMR (CD 2Cl 2, 6): 8.46 (d, .1= 7.2 Hz, 3H), 7.56 (t, J= 7.1 Hz, 3H), 7.32 (m, 6H), 7.11
(m, 18H), 6.91 (t, J= 7.7 Hz, 12H). 13C{ H} NMR (CD 2Cl2, 6): 150.2 (m), 144.1 (m) 137.6 (m),
134.3 (s, Jpt-c = 30.6 Hz), 133.2 (q, J= 8.0 Hz), 132.8 (q, J= 4.2 Hz), 130.8 (s), 129.6 (s), 129.1
(s), 128.2 (q, J= 3.1 Hz). 31p{'H} NMR (CD 2Cl2 , 6): 29.3 (s, 'Jpt-e = 3064 Hz). 195Pt NMR
(CD 2Cl 2, 6): -4562 (q, IJpt-p = 3057 Hz). IR (KBr, cm-1): 2051, 2874, 2864, 1582, 1479, 1429,
1255, 1186, 1105, 1065, 1028, 999, 910. Anal. Calcd. for C54H42SiP3PtCl: C, 62.22; H, 4.06.
Found: C, 62.02; H, 3.88.
Synthesis of [SiPPh3]Pt-H (2.3). Under a dinitrogen atmosphere [SiPPh3]H (76.7 mg, 94.4 imol)
and Pt(PPh3)4 (117 mg, 94.4 pmol) were dissolved in THF (5 mL) in a resealable Schlenk tube.
The tube was sealed and heated to 70 'C for 17 h. Volatiles were removed, and the residues were
triturated with diethyl ether (20 mL) under air. An off-white solid was then collected on a
sintered glass frit and washed with diethyl ether (2 x 25 mL) to yield analytically pure [SiPPh 3 Pt-
H (54.9 mg, 58%). The complex is stable to air indefinitely. Crystals suitable for X-ray
diffraction were grown by diffusion of petroleum ether vapors into a THF solution. H NMR
(C6 D6 , 6): 8.60(d, J= 7.5 Hz, 3H), 7.41 (d, J= 9.0 Hz, 3H), 7.27 (m, 15H), 6.97 (t, J 7.6 Hz,
3H), 6.78 (t, J= 7.3 Hz, 6H), 6.63 (t, J= 7.5 Hz, 12H), -6.27 (q, 2JP-H = 19.8 Hz, IJPt-H = 782 Hz,
IH, Pt-H). 13C{H} NMR (C6D6 , 6): 154.3 (dd, J= 19.7 Hz and 37.1 Hz), 150.3 (m), 140.0 (m),
134.7 (s), 133.6 (m), 132.9 (d, J= 4.1 Hz), 130.0 (s). 31P{H} NMR (C6D6 , 6): 34.0 (s, IJPt-P =
3092 Hz). IR (KBr, cm-): 3046, 2974, 2858, 1803 (vpt-H), 1582, 1479, 1431, 1304, 1248, 1184,
1093, 1065, 1028, 910. Anal. Calcd. for C54 H43SiP 3Pt: C, 64.34; H, 4.30. Found: C, 64.44; H,
4.21.
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Synthesis of {[SiPP' 3 jPt(OEt2)}{BArF4} (2.4). Under a dinitrogen atmosphere, [SiPPh3]Pt-CH 3
(15 mg, 15 gmol) and HBAr F4-2Et 2O (15 mg, 15 pimol) were dissolved in Et 2O and stirred for 10
minutes at room temperature, resulting in a red-orange solution. Red-orange crystals suitable for
X-ray diffraction were grown by diffusion of pentane vapors into an Et 20 solution. IH NMR
(Et 20, 6, referenced to Et2O methyl protons at 1.10): 8.06 (d, J= 6.8 Hz, 3H), 7.73 (s, 8H, o-
BArF4), 7.48 (s, 4H, p-BArF4), 7.36 (m, 3H), 7.27 (m, 9H), 7.14-7.08 (m, 27H). 13C NMR (Et 20,
6, referenced to Et20 methyl carbon at 16.0): 163.1 (q, 1JB-C = 50 Hz), 144.9 (m), 143.5 (m),
136.0 (s), 135.8 (m), 134.1 (m), 133.5, (s) 133.4 (s), 132.1 (s), 132.0 (m), 131.7 (s), 130.5 (q, 2 jF-
c = 32 Hz, -CF3), 130.0 (m), 125.8 (q, IJF-c = 272 Hz), 118.4. 31P NMR (Et 20, 6): 51.8 (s, IJ i-P=
3119 Hz). 19F{'H} NMR (Et 20, 6): -61.4 (s)
Synthesis of {j[SiPPh3]Pt(CH 2C 2)}{BArF4} (2.5). Under a dinitrogen atmosphere, [SiPPh3] Pt-
CH 3 (15 mg, 15 jtmol) and HBAr F4-2Et 2O (15 mg, 15 imol) were dissolved in 5 mL CD 2Cl 2 and
stirred for 5 minutes at room temperature, resulting in an orange solution. Pentane vapors were
diffused into a CH2 CI2 solution at -35 'C to afford {[SiPPh3 ]Pt(CH 2Cl2 )}{BArF4} as orange
crystals, which were then crushed and briefly dried under vacuum. Orange crystals suitable for
X-ray diffraction were grown by diffusion of petroleum ether vapors into a CH 2 Cl2 solution. 'H
NMR (CD 2Cl2 , 6): 8.15 (d, J= 7.2 Hz, 3H), 7.73 (m, 811, o-BAr F4), 7.60 (t, J 7.5 Hz, 3H), 7.56
(s, 4H, p-BAr F4), 7.46 (t, J= 7.5 Hz, 3H), 7.39 (m, 3H), 7.32 (m, 6H), 7.13 (m, 12H) 6.98 (m,
12H). 13C{' H} NMR (CH 2Cl 2, 6): 161.9 (q, 1JB-( = 50 Hz), 144.3 (m), 141.1 (m), 135.0 (s), 134.4
(m), 132.9 (m), 132.6 (in), 132.4 (s), 131.4 (s), 131.1 (s). 130.7 (s), 129.1 (s), 129.0 (q, 2 JF-C
Hz), 124.7 (q, 1JF-C = 272 Hz), 117.6 (s). 19F{'H} NMR (CH 2Cl 2, 6): -61.3 (s). "P{ H} NMR
(CD 2Cl2 , 6): 46.6 (s, IJPt-P = 3062 Hz).
Synthesis of {[SiPPh 3]Pt(toluene)} {BArF4 ) (2.6). Under a dinitrogen atmosphere, [SiPPh 3 Pt-CH 3
(25 mg, 25 pmol) was suspended in toluene. HBArF4-2Et 2 O (25 mg, 25 mol) was added as a
solid. The mixture was stirred for 10 minutes at room temperature and resulted in a dark orange-
brown solution. Pentane vapors were diffused into a toluene solution to afford
{I[SiPPh3]Pt(tOluene)} {BArF4 ) as orange-brown crystals, which were then dried under vacuum.
Orange-brown crystals suitable for X-ray diffraction were grown by slow diffusion of pentane
vapors into a toluene solution. 1H NMR (toluene-dg. 6): 8.37 (s, 8H, o-BAr F4), 7.72 (d, J= 6.6 Hz,
3H), 7.64 (s, 4H, p-BArF4), 7.11-6.98 (m, 9H), 6.90 (m, 12H), 6.80 (m, 18H). 13C NMR (toluene,
6): 162.6 (q, IJB-C = 50 Hz), 143.1 (m), 141.6 (m), 135.4 (s), 134.7 (m), 132.6 (s), 132.4 (s),
132.1 (m), 131.1 (d, J= 17 Hz), 130.6 (s), 130.2 (s), 129.6 (q, 2 JF-C = 31 Hz), 128.9 (s), 125.1 (q,
1JF-C = 272 Hz), 117.9 (s). 19F{H} NMR (toluene, 6): -60.6 (s). 31 P NMR (toluene-d8 , 6): 53.3 (s,
Jt-P = 3090 Hz). 195Pt NMR (CD 2 Cl2 , 6): -3860 (q, 1Jpt-p = 3079 Hz). Anal. Calcd. for
C93H62SiP 3PtBF24 : C, 56.92; H, 3.18. Found: C, 56.02; H, 2.94.
Synthesis of [SjiPr3]Pt-CH 3 (2.7). Under a dinitrogen atmosphere, [SiPipr3]H (200 mg, 328
gmol) and (COD)PtMe2 (120 mg, 361 gmol) were dissolved in toluene and added to a resealable
Schlenk tube. The tube was sealed and heated to 90 'C for 16 h, resulting in a golden-yellow
solution. Volatiles were removed and the residues washed with pentane (4 x I mL) to yield
spectroscopically and analytically pure [SiP" 3 ]Pt-CH 3 as a pale yellow powder (213 mg, 79%).
1H NMR (CD 2Cl 2, 6): 8.10 (d, J= 6.6 Hz, 311), 7.36 (d, J= 7.8 Hz, 3H), 7.27 (t, J= 6.9 Hz, 3H),
7.16 (t, J= 7.2 Hz, 3H), 2.59 (m, 6H), 1.02 (i, 18H), 0.65 (q 3JP-H = 7.8 Hz. 2 Pt-H = 51.9 Hz,
3H, Pt-CH3), 0.43 (m, 18H). 13C{ 1H} NMR (CD 2CI2 , 6): 154.4 (m), 147.8 (m), 133.4 (m), 129.4
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(in), 128.7 (s), 127.0 (s), 29.1 (s), 18.6 (s), 18.4 (s), -47.7 (q, 2Jp-c = 10.4 Hz, 'Jpt-c = 458 Hz, Pt-
CH3). 3 1 PIH} NMR (CD 2 Cl 2 , 6): 25.6 (s, 1Jpt-p = 2967 Hz). 195Pt NMR (CD 2 CI2 , 6): -6324 (q,
JPt-P = 2982 Hz). Anal. Calcd. for C3 7H57SiP 3Pt: C, 54.33; H, 7.02. Found: C, 53.06; H, 7.11.
Synthesis of [SiPe'r3]Pt-Cl (2.8). Under a dinitrogen atmosphere, [SiPip' 3]H (25 mg, 41 ptmol)
and (COD)PtCl 2 (16 mg, 43 gmol) were dissolved in toluene and added to a resealable Schlenk
tube. Triethylamine (2 drops) was added and the tube was sealed and heated to 90 'C for 18 h,
resulting in a pale yellow solution with white precipitate. The solution was filtered through
Celite and volatiles were removed to yield spectroscopically pure [SiPipr3]Pt-Cl as a yellow
powder (28 mg, 82%). Analytically pure material was obtained by diffusion of pentane vapors
into a benzene solution. 'H NMR (CD 2Cl2, 6): 7.98 (d, J= 6.3 Hz, 3H), 7.47 (d, J= 6.6 Hz, 3H),
7.33-7.26 (in, 6H), 2.75 (in, 6H), 1.13 (in, 18H), 0.68 (in, 18H). 13C{'H} NMR (CD 2Cl 2, 6):
151.3 (in), 143.4 (m), 133.4 (in), 129.9 (t, J= 14.1 Hz), 129.4 (s), 128.1 (s), 28.6 (q, J= 8.0 Hz),
18.7 (s), 18.5 (s). P{ 'H} NMR (CD 2 Cl2 , 6): 40.9 (s, IJpt-p = 2979 Hz). ' 95Pt NMR (CD 2 C12, 6): -
4439 (q, 'Jet-p = 2902 Hz). Anal. Calcd. for C36Hs4SiP;PtCl: C, 51.58; H, 6.49. Found: C, 51.38;
H, 6.47.
Synthesis of [SjiPr3 JPt-H (2.9). Under a dinitrogen atmosphere, [SiPp 3]H (15 mg, 25 pmol)
and Pt(PPh 3)4 (37 mg, 30 ptmol) were dissolved in toluene and added to a resealable Schlenk tube.
The tube was sealed and heated to 90 'C for 18 h, resulting in a golden yellow solution. Volatiles
were removed and the residue was washed with Et 2O and cold MeCN to afford [SiPiPI3]Pt-H as a
yellow solid (15 mg, 75%). Analytically pure material was obtained by slow evaporation of anl
Et20 solution. Crystals suitable for X-ray diffraction were grown by slow evaporation of a
toluene/pentane solution. I H NMR (CD 2 Cl2, 6): 8.15 (d, J = 6.6 Hz, 3H), 7.39 (d, J = 7.5 Hz, 3H),
7.29 (t, J= 6.9 Hz, 3H), 7.16 (t, J= 7.5 Hz, 3H), 2.09 (in, 6H), 0.86 (in, 18H), 0.41 (in, 18H), -
9.84 (q, 2 Jp_- = 19.8 Hz, IJPt-H = 787 Hz, 1H, Pt-H). 3C{'H} NMR (CD 2 CI2, 6): 154.9 (in), 148.9
(in), 133.4 (in), 129.9 (m), 128.9 (s), 126.9 (s), 27.2 (in), 19.0 (s), 18.6 (s). 1{H} NMR
(CD 2 Cl2 , 6): 46.2 (s, 'Jet-p = 2993 Iz). 195Pt NMR (CD 2 Cl 2, 6): -6039 (q, 'Jpt-P = 2896 Hz). IR
(KBr, cm): 3103, 3044, 2975, 2954, 2905, 2866, 1821 (Vpt-H), 1471, 1457, 1426, 1301, 1259,
1235, 1159, 1100, 1030, 1019, 960, 933, 922, 878. Anal. Calcd. for C36 H55 SiP3Pt: C, 53.79; H,
6.90. Found: C, 53.43; H, 6.88.
Synthesis of {[SiPwr3]Pt}{BArF4 } (2.10). Under a dinitrogen atmosphere, [SiPPr,]Pt-CH 3 (48 mg,
59 limol) and HBAr F4-2Et 2O (60 mg, 59 imol) were dissolved in CH 2Cl2 resulting in an
immediate color change to a dark purple solution with concomitant effervescence. The solution
was stirred for 5 minutes at room temperature. Spectroscopically and analytically pure material
and crystals suitable for X-ray diffraction were obtained by slow diffusion of pentane vapors in a
CH 2 Cl 2 solution, which afforded dark purple crystals of {[SiPiPr3]Pt} {BArF4 1 (87 mg, 89%). 'H
NMR (CD 2 Cl 2 , 6): 7.80 (d, J= 7.2 Hz, 3H), 7.72 (in, 8H, o-BArF4), 7.68 (in, 3H), 7.56 (in, 4H,
p-BArF4), 7.52 (d, J= 7.5 Hz, 3H), 7.44 (t, J= 7.2 Hz, 3H), 3.22 (m, 6H), 1.08 (in. 18H), 0.97 (in,
18H). " IC{H} NMR (CH 2C2,. 6): 161.9 (q, 'JB-c = 50 Hz), 144.0 (in), 139.6 (in), 135.0 (s),
132.0 (in), 130.6 (d, 'Jp-c = 17 Hz), 130.5 (s), 129,1 (g, 2JF-C = 31 Hz), 128.5 (s), 124.7 (q, 'JF-C
273 Hz), 117.6 (s), 31.1 (s), 19.7 (s), 19.2 (s). 19F{ H} NMR (CH2 Cl 2, 6): -61.3 (s). 3 1p {'H}
NMR (CD 2 Cl2, 6): 102.3 (s, 'Jet-p = 2914 Hz). 195Pt NMR (CD 2 Cl2 , 6): -2818 (q, .1p-p = 2921
Hz). Anal. Calcd. for C68H66SiP 3PtBF2 4: C. 49.02; H, 4.00. Found: C, 48.52; H, 3.60.
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Synthesis of {[SiP *-]Pt(NCMe)}{BAr F} (2.11). Under a dinitrogen atmosphere, purple
crystals of {[S3iPr]Pt} {BArF4) (15 mg 9 Rmol) were added to a J. Young tube. 0.5 mL of a 17
mM solution of MeCN in CD 2Cl2 (9 pmol) was added to the tube, which was sealed and shaken,
resulting in a colorless solution. Volatiles were removed to yield a white soild. Colorless crystals
suitable for X-ray diffraction were grown by slow diffusion of pentane vapors into a CH 2 Cl 2
solution. 1 H NMR (C1 2C12, 6): 7.96 (m, 3H), 7.74 (m, 8H, o-BAr F4), 7.57 (m, 4H, p-BArF4), 749
(m, 3H), 7.39 (m. 6H), 2.68 (m, 6H), 2.39 (s, 3H, Pt-NCCH 3), 1.10 (in, 1811), 0.54 (m, 18H).
3C{' H} NMR (CH2Cl 2, 6): 161.9 (q, 'JB-c = 50 Hz), 149.4 (m), 139.6 (m). 134.9 (s), 133.1 (m).
130.4 (s). 129.6 (rn), 129.2 (s), 128.8 (m), 127.4 (M, Pt-NCCH3), 124.7 (q. 'JF-C = 273 Hz), 1 7.6
(s), 27.9 (s), 18.4 (s), 17.9 (s), 3.8 (s, Pt-NCCH3). 19F{'IH} NMR (CH2 CI2, 6): -61.3 (s). 31 P{H}
NMR (CH 2Cl2 , 8): 43.9 (s, 'Jp-p = 2950 Hz), Anal. Caled. for C7oH69SiP3PtNBF2 4: C, 49.23; H,
4.07. Found: C, 49.34; H, 4.08.
Synthesis of {[SiPiPr3]Pt(pyridine)}{BA rF4  (2.12). Under a dinitrogen atmosphere,
{[SiPr 3 ]Pt} {BArF4} (15 mg, 9 jLmol) was dissolved in CD 2Cl2 containing 5 equiv pyridine (3.5
mg. 45 jLmol), resulting in a colorless solution. Colorless crystals suitable for X-ray diffraction
were grown by diffusion of pentane vapors into a CH2 Ci2 solution. The room temperature
solution spectra were consistent with a three-fold symmetric species, suggesting a rapid
equilibrium between the square-planar pyridine adduct seen in the solid-state structure and the
trigonal pyramidal. four-coordinate starting material; dilution of the sample results in gradual
recovery of the starting material's color. H-1 NMR (CH 2Cl 2 , 6): 8.68 (s, 311), 8.65- (m, 2H, pyr).
7.73 (m, 9H. o-BAri 4  pyr), 7.56 (s, 4H, p-BArF , 7.39 (t, J= 7.2 HZ,
3H), 7.36 (in, 2H, pyr). "C{IH} NMR (C-1 2 C 2 , 6): 140.9 (m), 138.0 tm), 138.7 (s), 131.6 (s),
130.0 (m). 128.9 (s), 27.4 (s), 19.7 (s), 19.1 (s) "F{ 1 H} NMR (CH:,Ch2 , 6): -61.2 (s). 31P H1 }
NMR (CH 2Cl 2, 5): 39 9 (v br).
Synthesis of {[SiP1"3]Pt,(H2)}{BArF 4} (2.13). Under a dinitrogen atmosphere,
{[SjiPr 3]Pt} {BArF4 } (19 mg, I I pmol) was dissolved in CD2Cl2 and transferred to a J. Young
tube. The sample was freeze-pump-thawed three times, then exposed to one atm H2 while frozen.
Upon thawing in the sealed tube, the solution gradually turned pale pink. Unsealing or diluting
the sample results in gradual recovery of the four-coordinate starting material's color. 'H NMR
(CH 2Cl 2, 6): 8.06 (d, J= 8.1 Hz, 3H), 7.72 (m, 8H, o-BArF4), 7.56 (in. 4H, p-BArF 4 7.52 (m,
6H), 7.43 (t, J = 7.1 Hz, 3H), 2.36 (m, 611), 0.97 (m, 18H), 0.46 (br s, 18H), -1.09 (br s, 2H). 'H
NMR (-70 0C, CH 2Cl2 , 6): 8.02 (d, 7.0 Hz), 7.73 (br s, 8H, o-BArF4), 7.54 (br s, 4H, p-BAr F),
7.47 (t, J= 7.3 Hz, 6H), 7.38 (t, J= 7.3 Hz, 3H), 2.48 (br s, 3H), 1.99 (br s, 3H), 1.01 (s, 9H),
0.91 (s, 9H), 0.82 (s, 9H), -0.50 (s, 9H), -2.40 (br s, 'Jej = 264 Hz, 2H). T(in) (500 MHz, -
50 0C) = 26 ms. 13C{ I-H} NMR (CH 2Cl 2 , 6): 162.3 (q, 'JB-C = 49 Hz), 149.6 (m), 139.3 (m),
135.4 (s), 134.1 (s), 131.8 (s), 130.6 (s), 129.6 (s), 129.4 (q, 2/F-c = 30 Hz), 125.2 (q, 1JF-C 271
Hz), 118.0 (s), 27.5 (s), 18.6 (s). 19F{ H} NMR (CH 2 C12, 6): -61.4 (s). "P{'H} NMR (CH 2Cl 2, 6):
52.4 (s, 'Jpt-p = 2766 Hz).
Synthesis of {[SiP Wr3]Pt(HD)}{BArF4 (2.13'). A sample of { [SiP'iPI]Pt}{BArF4 ) (19 mg, I I
pmol) dissolved in CD 2Cl2 in a J. Young tube was freeze-pump-thawed four times, then exposed
to ca. 0.4 atm HD (generated from the reaction of excess LiAlH4 and D 20). Upon thawing in the
scaled tube, the solution gradually turned pale pink. 1 H NMR (CH 2Cl 2 , 6): 8.06 (m, 3H), 7.73 (m,
8H, o-BArF4), 7.56 (m, 4H, p-BArF4), 7.52 (in, 6H), 7.43 (t, J= 7.5 Hz, 3H), 2.37 (m, 6H), 0.98
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(m, 18H), 0.48 (m, 18H), -1.37 (br t, IJH-D = 33 Hz, 1H). I H NMR (-70 0C, CH 2Cl 2 , 6): 8.02 (d, J
= 7.0 Hz, 3H), 7.73 (br s, 8H, o-BArF4), 7.53 (br s, 4H, p-BArF4), 7.47 (t, J= 6.7 Hz, 6H), 7.38 (t,
J= 6.7 Hz, 3H), 2.48 (br s, 3H), 1.99 (br s, 3H), 1.01 (s, 9H), 0.91 (m, 9H), 0.82 (s, 9H), -0.50 (s,
9H), -2.42 (t, 'JH-D = 33 Hz, JPt-H = 258 Hz, IH). 3 C{' H} NMR (CIH2Cl 2, 6): 162.3 (q, IJB-C
49 Hz), 149.7 (m), 139.1 (m), 135.4 (s), 134.1 (s), 131.8 (s), 130.6 (m), 130.0, (m), 129.4 (q, 2 Jc-
F = 32 Hz), 250.4 (q, IJC-F = 273 Hz), 118.0 (s), 27.6 (s), 18.6 (s). 9F{ H} NMR (CH 2CI2, 6): -
61.2 (s). 3 1P{ H} NMR (CH 2Cl 2, 6): 52.4 (s, '.IJpt-p = 2765 Hz).
Deprotonation of {[SiPlwr 3]Pt(H2)}{BArF4} by 2,6-lutidine. Under a dinitrogen atmosphere,
{[SipiPr3]Pt}{BArF4} (5 mg, 3 pmol) was dissolved in CD 2Cl 2 in a J. Young tube to form a
purple solution. One drop of 2,6-lutidine was added with no visible color change. The 'IH and
31 P NMR spectra of the resulting solution retained the resonances of the starting material, over
which the resonances of 2,6-lutidine ( (CH2Cl 2, 6): 7.45 (t, J= 7.6 Hz, I H), 6.94 (d, J= 7.6 Hz,
2H), 2.46 (s, 6H) ) were superimposed. The sample was freeze-pump-thawed once, then exposed
to one atm of H2, resulting in a pale pink solution. The 'H and 
3 1P NMR spectra revealed the
characteristic resonances of both {[SiiPr 3]Pt(H2)} {BArF4 } and [SiP' 3 ]Pt-H at a ratio of
approximately 2.3:1 after six days at room temperature in the sealed tube.
Synthesis of [SiPwr 3]Pd-CH 3 (2.14). Under a dinitrogen atmosphere, [SiP' 3]Pd-Cl (16 mg, 22
pmol) was dissolved in Et2O and cooled to -78 'C. MeLi in Et20 (4.1 mL of 0.16M solution, 66
gmol) was added dropwise at -78 'C. The resulting faintly colored solution was allowed to warm
to room temperature overnight, then stirred at room temperature for 1 hr. Volatiles were removed
to yield an off-white solid, which was dissolved in pentane and filtered through Celite. Volatiles
were removed again, and the resulting white solids washed with MeCN to afford
spectroscopically and analytically pure [SiP'3]Pd-CH3 (15 mg, 94%). H NMR (C136, 6): 8.05
(m, 3H), 7.22 (t, J= 7.8 Hz, 6H), 7.05 (t, J= 7.2 Hz, 3H), 2.41 (sept, J= 6.3 Hz, 6H), 1.06 (m,
18H), 0.64 (m, 18H), 0.60 (q, J = 6.9Hz, 31H, Pd-CH 3). "C{'H} NMR (C6D6, 6): 156.1 (m),
146.2 (m), 134.1 (m), 130.1 (s), 129.1 (s), 127.3 (s), 27.6 (m), 19.0 (s), 18.5 (s), -27.2 (q, 2 Jp-C =
12.7 Hz, Pd-CH3). 31P{'H} NMR (CD 6, 6): 45.2 (s). Anal. Calcd. for C37H57SiP 3Pd: C, 60.94; H,
7.88. Found: C, 59.96; H, 7.67.
Synthesis of [SpiPr3]Pd-Cl (2.15). Under a dinitrogen atmosphere, [SiPiPr 3]H (60 mg. 99 gmol)
and (COD)PdMeCl (31 mg, 117 pmol) were weighed out into a vial. Approximately 3 mL C6H6
were added and resulted in an immediate color change to a yellow solution and release of CH 4
bubbles. The solution was stirred at room temperature overnight. Volatiles were removed and the
residue was dissolved in C6H 6 and filtered though Celite. Volatiles were removed again and the
remaining solid was washed liberally with pentane to afford [SiPiP'3]Pd-Cl as a yellow powder
(66 mg, 89%). Analytically pure material and crystals suitable for X-ray diffraction were grown
by slow diffusion of pentane into a CH 2 Cl 2 solution of [SiPiP'3]Pd-CH 3, which converts to
[SiP'P 3]PdCl upon prolonged exposure to CH 2CI 2. 'H NMR (CD 2Cl2 , 6): 7.87-7.84 (m, 3H),
7.51-7.49 (m, 3H), 7.38-7.30 (n, 6H), 2.51 (sept, J= 6.9 Hz, 6H), 1.13 (m, 18H), 0.72 (m, 18H).
13C{l H} NMR (CD 2 C 2, 6): 153.4 (m), 141.8 (m), 134.0 (m), 130.7 (s), 129.7 (s), 128.8 (s), 26.8
(s), 18.6 (s), 18.4 (s). 3 1P{'H} NMR (CD 2Cl 2, 6): 42.2 (s). Anal. Calcd. for C36H54 SiP 3PdCl: C,
57.68; H, 7.26. Found: C, 57.98; H, 7.07.
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Synthesis of {jSiP r3]Pd} {BArF4} (2.16). Under a dinitrogen atmosphere, [SiP'P' 3]Pd-CH3 (10
mg, 13 imol) and HBArF4-2Et2O (13 mg, 13 Jmnol) were dissolved in CH 2Cl 2 , resulting in an
immediate color change to a purple-red solution and release of CH 4 bubbles. Pentane vapors
were diffused into a CH2 Cl2 solution at -35 'C to afford {[SiP P 3]Pd} {BArF4} as a purple-red
solid, which was dried under vacuum (19 mg, 88%). Analytically pure material was obtained by
crystallization by layering pentane over a C1 2C 2 solution at -35 'C. Crystals suitable for X-ray
diffraction were grown by slow diffusion of pentane into a CH 2 Cl 2 solution. 'H NMR (CD 2 Cl2 ,
6): 7.72 (m, 1 IH, 8H from o-BArF4), 7.69-7.62 (m, 61H), 7.56 (s, 4H, p-BArF4), 7.52-7.47 (m, 31H),
2.67 (m, 6H), 1.07 (m, 18H), 0.90 (m, 18H). "C{iH} NMR (CH 2C12 , 6): 162.3 (q, IJB-c = 50 Hz),
148 5 (m), 138.7 (m), 135.4 (s), 133.7 (m), 131.5 (d, 'Jc = 18 Hz), 131.0 (s), 129.4 (q, 2 JF-
32 Hz), 129.1 (s), 125.2 (q, 1Jvc = 273 Hz), 118.0 (s), 27.6 (s). 19.9 (s), 19.3 (s). "1 F{'H} NMR
(CD 2Cl 2, 8): -61.3 (s). '#P('H} NMR (CD 2C2,) 53.6 (s). Anal Calcd. for. C6sH66SiP 3PdBF2 4:
C. 51.78; H, 4.22. Found: C, 51.23; H, 4.16.
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3.1 Introduction
Dihydrogen complexes of late first row transition metals such as Co, Ni, and Cu are
extremely uncommon and typically subject to facile heterolysis.' Nickel dihydrogen adducts
have been studied theoretically 2 and detected in bulk metal and microporous materials as well as
under gas phase and matrix isolation conditions. but have not been isolated as stable species.
The only reported molecular example is a [PNP]Ni(H 2)* intermediate detected at low
temperatures by Caulton and coworkers; the H2 subsequently undergoes intramolecular
heterolytic cleavage.4
Due to the lack of stable Ni(H 2) complexes and the relative scarcity of nickel hydrides,'
iron is often proposed to be the site of dihydrogen binding and heterolytic activation in [NiFe]
hydrogenases.5 However, certain EPR, X-ray diffraction, and theoretical studies have been
interpreted to suggest that H2 is instead activated at a five-coordinate, EPR-silent Ni center in the
enzyme active site. Moreover, relatively efficient hydrogenase activity, both for H2 oxidation
and proton reduction, has been demonstrated for model compounds of nickel,8 particularly the
macrocyclic Ni(P 2N 2)2 systems pioneered by DuBois and coworkers.8b The presumed initial H2-
adducts have not yet been isolated or detected in these catalytically competent systems.
Dinitrogen complexes of nickel are likewise rare, particularly for the higher oxidation
states of nickel, as dinitrogen ligands are canonically stabilized through 7E back-bonding from
low-valent metal centers.9' 1 With the exception of a recently reported Ni(N 2) compound of a
redox-active diiminopyridine ligand," examples of N2 complexes of nickel(II) have, to date,
only been observed in low temperature matrices.' 2
This chapter will present examples of thermally stable dihydrogen adducts of nickel and
show that the bound H2 ligand can undergo intermolecular heterolytic cleavage to deliver
hydride to the nickel center when the auxiliary ligand is appropriately chosen. Access to these
nickel(II)-(H 2) complexes proceeds from their nickel(Il)-(N2 ) adduct precursors, which are
themselves highly unusual species. Additionally, spectroscopic and theoretical experiments that
seek to delineate the relative contributions of a-donation and n back-bonding in these adducts
will be discussed.
3.2 Results and Discussion
3.2.1 Cationic Dinitrogen Adducts of Ni(II)
The mono-anionic, tetradentate tris(phosphino)silyl ligand [SiPR3I ([SIPR 3] [(2-
R 2PC 6H4)3Si]-; R = Ph, 'Pr)13 affords access to the chemistry of interest herein. We previously
established the efficacy of this ligand in supporting highly electrophilic, trigonal pyramidal
cations of Pt(II) and Pd(II), as well as cationic Pt-(H2) adducts.14 We conjectured that this ligand
scaffold might also enable access to stable dihydrogen adducts of nickel. Accordingly,
[SipiPr3]Ni-CH 3 (3.1a) was synthesized by the addition of MeLi to the previously reported
[SpiPr3]Ni-Cl." The analogous methyl compound of the less electron-rich, phenyl-substituted
ligand, [SiPPh3]Ni-CH 3 (3.1b), was synthesized by the addition of excess MeMgCl to
NiCl 2-DME and the free ligand H[SiPPh 3 13 These compounds retain their three-fold symmetry
in solution, as evidenced by single, sharp 3 1 P1H} resonances at 43.9 and 45.9 ppm, respectively.
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Scheme 3.1. Syntheses of cationic nickel(II) N2 , CO, and 12 adducts.
Upon protonation of 3.la with H(OEt 2)2BArF4 (BArF4 = B[3,5-(CF 3)2C6H3]4) in CH 2Cl 2
under an N2 atmosphere, the room-temperature 3 P{'H} NMR spectrum of the brown solution
shows a very broad peak centered around 46.2 ppm that sharpens upon cooling below -10 'C.
When the protonation is performed in C6H6 , the product can be isolated as an orange precipitate
that reversibly turns dark pink under vacuum, suggesting the coordination of dinitrogen to the
nickel cation.
The solid-state structure of a single crystal of this material, obtained from slow
evaporation of a CH2 Cl 2 solution, confirms N2 coordination in the trigonal bipyramidal cation
{[SipiPr3]Ni(N 2)}{BAr F4} (3.2a) (Scheme 3.1, Figure 3.1). The apical dinitrogen moiety is
bound end-on with a short N-N distance of 1.087(2) A. An extremely high N-N stretching
frequency is observed in the solid-state IR spectrum at 2223 cm' (2219 cm' in CH2Cl 2) and
attests to minimal activation of the N-N bond through back-bonding from the cationic Ni center.
While the cationic charge of the metal center attenuates the degree of back-bonding to the N 2
moiety, its electrophilicity likely facilitates a-donation from the N2 to the empty d , orbital,
strengthening the M-N 2 interaction; the relative stability of this species in the solid-state raises
the possibility that a-donation can contribute more significantly to the M-N 2 interaction than n
back-bonding.' 6 The fact that the N-N distance observed in the solid-state is shorter than that of
free N2 is another indication that the interaction is predominantly N2 G-donation to the metal,
with minimal 7r back-bonding. This effect is also observed, for example, in carbonyls bound to
electrophilic tris(perfluoroalkyl)-boranes; these complexes exhibit higher C-O stretching
frequencies and shorter solid state C-O distances than those of free CO.17 Libration of the
terminal N2 moiety may also contribute to the short N-N distances obtained from the crystal
structures of 2a and 2b, which are shorter than the 1.0975 A observed for free N 2.18 15N{'H}
NMR spectroscopy of the labeled analogue 3.2a' at -40 'C reveals resonances at 361.8 and 310.4
ppm (Figure 3.2); the observation of two discrete N-2 environments demonstrates that the N2
ligand is not rapidly exchanging or tumbling at this temperature in solution. Dichloromethane
solutions of 3.2a decompose gradually over days to a paramagnetic Ni(Ill) complex {[SiPr 3]Ni-
Cl} {BArF4 ), whose identity was determined by a low resolution X-ray diffraction study.
Complex 3.2a can nevertheless be obtained in analytically pure form and stored under nitrogen.
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Figure 3.1. Solid-state structures of cations 3.2a (left) and 3.2b (right). Thermal
ellipsoids drawn at 50% probability. Hydrogen atoms and BAr F4 anions omitted for
clarity. Selected distances (A) and angles (0) for 3.2a: Ni-N 1.905(2), N-N 1.087(2), Si-
Ni-N 178.63(5), Ni-N-N 179.8(2); 3.2b: Ni-N 1.891(2), N-N 1.083(3), Si-Ni-N 172.87(7),
Ni-N-N 175.2(2).
400 390 380 370 360 350 340 330 320 310 300 290D 260 270 260 250
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Figure 3.2. 15N NMR spectra of N2 adducts 3.2a' in CD2Cl2 at -40 *C (top) and 3.2b' in
toluene-d8 at -20 'C (bottom). Chemical shifts in ppm, referenced to liquid NH3 at 0 ppm.
Peaks marked with a '#' symbol are from free dinitrogen in solution.
Protonation of 3.1b with H(OEt2)2BArF4 in benzene generates the analogous dinitrogen
adduct, {[SiPPh3]Ni(N 2)}{BArF4} (3.2b) (Scheme 3.1, Figure 3.1), which exhibits an even more
weakly activated N2 ligand with an N-N stretching frequency of 2234 cm-' in the solid state. A
sharp singlet is observed at 42.5 ppm in the 31P{'H} NMiR spectrum at RT, indicating that the N2
moiety in 3.2b is bound more strongly than that in 3.2a. Labeling with 5N2 results in 15N{1H}
NMR shifts of 346.9 and 296.9 ppm at -20 'C (Figure 3.2). Single crystals of 3.2b were obtained
by diffusion of pentane vapors into a benzene solution, and an X-ray diffraction study revealed
an N-N distance of 1.083(3) A. Again, the extremely short N-N bond and its high stretching
frequency show the effect of both the a-donation from the N2 and the minimal n back-bonding
from the Ni center. Solid samples of 3.2b can be isolated by performing the protonation in
pentane spiked with minimal benzene. The resulting orange solid does not change color under
vacuum, in contrast to 3.2a, though the N2 ligand is labile to vacuum in solution. This increased
stability is counterintuitive, given the weaker activation of the N2 ligand; it is, however,
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consistent with a stronger M-N 2 interaction arising from stronger a-donation from N 2 to a more
electrophilic metal center
Of the few isolable Ni(N 2) compounds reported in the literature, the three that to our
knowledge feature terminal dinitrogen ligands bound end-on to the metal are shown in Scheme
3.2. The first reported Ni(N 2) conpoundo' crystallographically characterized as the dimeric
[(Cy 3P) 2Ni-(N 2)-Ni(PCy 3)2], dissociates in solution to give a terminal dinitrogen bound end-on to
a Ni(0) center, with an N-N stretching frequency of 2028 cm". The Ni(0) (dtbpe)Ni(N 2)(PPh 3)
complex " exhibits a similar N-N stretch of 2072 cm 1 . A terminal, end-on Ni-N 2 species with a
redox-active diiminopyridine ligand was recently reported;"1 the observed N-N stretch of 2156
cmI corroborates the interpretation of its electronic structure as a Ni(II) center coupled to a
dianionic ligand. The extremely high N-N stretches for the cationic Ni(II) compounds 3.2a and
3.2b are in line with N-N stretches of qI-N 2 adducts of NiX2 observed in low temperature
nitrogen matrices (Table 3.1). 12d
(Cy)3P P N
Ni--N 2  N 2Ni-N
(Cy)3P .P PPh3  I -
dinuclear in N2
the solid-state
Scheme 3.2. Previous examples of isolable, terminal N2 adducts of nickel.
Table 3.1. Dinitrogen stretching frequencies for end-on Ni(N 2 ) complexes
Complex 
_N-N 
_(cm_) Reference
[(Cy3P)2Ni-(N2)-Ni(PCy3)2]a 2028 1 Oa
(dtbpe)Ni(N 2)(PPh 3)" 2072 l0b
[DIMPY]Ni(N 2)c 2156 1i
[SiPr 3]Ni(N 2) (3.2a) 2223 this work
[SiPPh3]Ni(N 2) (3.2b) 2234 this work
NiCl 2(N2) 2d 2281,2260 12d
NiBr 2(N 2)2d 2281, 2261 12d
a Monomeric in solution. b dtbpe 1,2-bis(di-tert-butylphosphino)ethane).
DIMPY = 2,6-bis[1-(2,6-diisopropylphenylimino)ethyl]pyridine. Observed
in solid N2 matrices below 10 K.
The solid-state Ni-N distances of the end-on N 2 adducts (Table 3.2), which may be
reflective of the Ni-N bond strength, also reflect the contributions of both a-donation and a back-
bonding. The Ni(0) (dtbpe)Ni(N 2)(PPh3) complex exhibits a Ni-N distance of 1.830(2) A, while
the more electrophilic Ni(II) complexes, [DIMPY]Ni(N 2), 3.2a, and 3.2b, have an average Ni-N
distance of 1.90 A; this trend is consistent with stronger, shorter M-N bonds arising from
increased back-bonding in the more electron-rich compounds. This is additionally illustrated by
the short Co-N distance of 1.813(2) A in the previously reported [SjiPr3]Co(N2)." While this
Co(I) compound is isoelectronic with 3.2a and 3.2b, its neutral charge allows for stronger back-
bonding and a correspondingly shorter M-N bond. The more subtle effect of s-donation can
perhaps be seen in the Ni-N bond distances of 3.2a and 3.2b. Though the Ni center in 3.2a is
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more electron-rich, its Ni-N distance is longer than that in 3.2b. Increased a--donation thus seems
to be able to compensate for decreased a back-bonding in stabilizing the M-N 2 bonding
interaction, at least under the assumption that the M-N bond distances of N2 complexes reflect
the M-N2 bonding interaction.
Table 3.2 Solid-state metal-N distances in selected end-on M(N 2) complexes.
Complex M-N distance (A) Reference
(dtbpe)Ni(N2)(PPh 3) 1.830(2)a 10b
[DIMPY]Ni(N 2) 1.908(9)b 11
[SiiP'r 3]Ni(N2)+ (2a) 1.905(2)a This work
[SiPPh3]Ni(N 2)+ (2b) 1.891(2)a This work
[SipiPr3 ]Co 2 ) 1.813(2)a 15
a Data collected at 100 K. b Data collected at 200 K.
3.2.2 Cationic Acetonitrile and Carbonyl Adducts of Ni(II))
0
C>
C
Ni,
Si si
Figure 3.3. Solid-state structures of cations 3.4a (left) and 3.4b (right). Thermal
ellipsoids drawn at 50% probability. Hydrogen atoms and BAr F4 anions omitted for
clarity. Selected distances (A) and angles (0) for 4a: Ni-C 1.787(4), C-O 1.157(8), Si-Ni-
C 178.9(2), Ni-C-O 178.7(4); 4b: Ni-C 1.796(2), C-O 1.137(3), Si-Ni-C 172.56(7), Ni-C-
O 175.9(2).
Addition of acetonitrile to a solution of the N2-adduct 3.2a generates the solvento species
{[SipiPr3]Ni(NCMe)} {BArF4} (3.3a), and exposure to an atmosphere of CO affords the CO-
adduct {[SiP'r'3]Ni(CO)} {BArF4} (3.4a) (Scheme 3.1).19 A C-O distance of 1.157(8) A was
obtained from a single crystal grown by slow evaporation of a CH 2Cl2 solution of 3.4a (Figure
3.3). Similarly, addition of acetonitrile to a solution of 3.2b generates the acetonitrile adduct
{[SiPPh3]Ni(NCMe)} {BArF4 ) (3.3b) and an atmosphere of CO displaces the N2 ligand to
generate the cationic adduct {[SiPPh3]Ni(CO)} {BArF4} (3.4b); the crystal structure, obtained
from layering pentane on a benzene solution, reveals a C-O distance of 1.137(3) A (Scheme 3.1,
Figure 3.3). The high C-O stretching frequencies of 2036 cm-1 and 2046 cm 1 in the solid-state IR
spectra of 3.4a and 3.4b, respectively, are further evidence of the very weak back-bonding ability
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of the cationic nickel centers, and can be compared to the 2056 cm~' stretch observed in [NiFe]-
hydrogenase for the Ni-bound, exogenous CO moiety that inhibits activity. 2 0
3.2.3 Thermally Stable Cationic Dihydrogen Adducts of Ni(II)
The labile N2 ligand of 3.2a is readily displaced in solution upon exposure to one
atmosphere of H2 to form {[SiPiPr3]Ni(H 2)} {BArF4} (3.5a) (Scheme 3.1). The yellow cationic
product features a resonance in its 'H NMR spectrum at RT that is centered at -3.58 ppm and
integrates to two H-atoms. NMR spectroscopic parameters that include a Timin of 20 ms (-50 'C,
500 MHz) for 3.5a and a 'JH-D of 35 Hz for its HD analogue 3.5a' (Figure 3.4) are diagnostic of
an intact H2 ligand.21, 1c The more tightly-bound N2 lipand of 3.4 is also rapidly displaced in
solution by an atmosphere of H2 to generate {[SiP h3]Ni(H 2)} {BArF4} (3.5b). The bound
dihydrogen in 3.5b exhibits a Timin of 24 ms (30 'C, 500 MHz) and JH-D of 33 Hz for the HD
analogue 3.5b' (Figure 3.4); these values again indicate an intact H2 ligand.
1J#,o 35Hz
Figue 3.. 'HNMR pectum o HD dducs 3.a' i CD2-23 a -0 C(tpan3.b
a 4 3 3 3 .
* JHw 33mzf
-1 0 3.5i
6 6 4 3 2 1 0 -i .2 -3 -
Figure 3.4. 11H NMR spectrum of 1-ID adducts 3.5a' ilCD..CI2 at -70 'C (top) and 3.5b'
in toluene-d8 at -20 'C (bottom). Chemical shifts in ppm. Peaks marked with a '#' symbol
are from free 12 (singlet) and HD (three-line pattern) in solution.
The 'H NMR resonances corresponding to free H2 in solution in the VT spectra of 3.5a
and 3.5b offer an indirect gauge of the strength of the Ni-H2 interaction. No free H2 peak is
observed in the room temperature '11 spectrum of 3.5b and the bound dihydrogen peak is
extremely broad, indicating rapid exchange between bound and free H2. The free H2 resonance
appears upon cooling to -10 'C and sharpens at -20 'C (see Appendix C). In contrast, free H-2 is
observed in the room temperature spectrum of 3.5a, though both it and the bound H2 peak are
broad; both peaks sharpen at 10 'C (see Appendix C). This suggests that the dihydrogen ligand is
bound more strongly in 3.5a, most likely due to stronger back-bonding from the comparatively
more electron-rich metal center. This trend of stability is in contrast to the relative stabilities of
the N2 complexes, and suggests that 1 back-bonding, though minimal in these complexes, has a
more significant effect on the strength of the Ni-H 2 interaction than that of the Ni-N 2 interaction.
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Figure 3.5. DFT minimized structures and selected bond lengths (A) and angles (*) of
3.5a (left) and 3.5b (right). Ligand hydrogen atoms omitted for clarity.
While we have not yet been able to obtain solid-state structures of 3.5a and 3.5b, the
DFT optimized structures (Figure 3.5) provide a basis for some qualitative comparisons. Both
structures feature short H-H bonds consistent with the short Tmin and large 1JH-D values obtained
experimentally. The Ni-H distances in the relatively electron-rich 3.5a are slightly shorter than
those in 3.5b, which is also consistent with the experimental observations described above.
3.2.4 Deprotonation of Cationic Dihydrogen Adducts
Intramolecular heterolytic activation of the coordinated H2 ligand in 5a would
presumably deliver hydride to the nickel center and a proton to the coordinated silyl ligand,
affording a species such as "[HSiP43]Ni-H." Such a transformation would be analogous to the
intramolecular heterolytic H2 activation reported to be facile by Caulton and coworkers for the
low-temperature intermediate [PNP]Ni(H 2)* (Scheme 3.3). However, no evidence for such a
transformation is observed for 3.5a. Indeed, even the addition of triethylamine fails to
deprotonate the bound dihydrogen of 3.5a to generate the neutral hydride species.
Me2Si P('Bu)2 Me 2Si ''0% P('Bu)2
N-NiN-NI-H
Me2Si T > -30 *C Me2 Si -
ShmP(Bu)2 P P(Bu)2
Scheme 3.3. Previous example of a thermally unstable H2 adduct of nickel
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An alternative synthesis of the nickel hydride, [SiP 3]Ni-H (3.6a), is provided by
reaction of the free ligand H[SiiPr 3] with Ni(COD) 2 (Scheme 4). We note in brief that hydride
3.6a facilitates the isomerization of excess 1-octene at room temperature to generate both cis-
and trans-2-octene. In contrast to 3.5a, the coordinated dihydrogen of 3.5b can be deprotonated
by NEt 3 to generate the neutral hydride [SiPPh 3]Ni-H (3.6b), which can alternatively be
synthesized directly from H[SiPPh3] and Ni(COD) 2 (Scheme 4). Hydride 3.6b also effects the
isomerization of 1-octene to 2-octenes, though heating to 60 'C is required for an appreciable
rate.
a: R =iPr; b: R =Ph H
I .PR 2
[SiPR3]H R2P--Nim4PR2
+
Ni(COD) 2 -2 COD
3.6a, b
H2  BArF4
P .PPh 2  xs NEt 3
2h-----PPh-- 3.6b
Si- - [HNEt 3][BArF4
3.5b
Scheme 3.4. Two synthetic routes to nickel hydrides.
The stability of these dihydrogen adducts thus presumably arises not only from the
electrophilicity of the cationic metal center. but also from the steric and geometric requirements
of the ligand, which orients the d L LUMO into the axial coordination site, as well as from the
electronic properties of the silyl anchor, which is neither basic enough to intramolecularly
deprotonate the H 2 nor sufficiently Lewis acidic to accept a hydride. The ability of these nickel
centers to bind N 2 as well as H2 is in contrast to the behavior of the electrophilic complex
[Mn(CO) 3(PCy3)2] .22 This cationic compound was shown to bind H2 more strongly than its
isoelectronic, neutral Cr analogue, due to increased a-donation to the Mn center; it does not,
however, appear to bind N2 favorably. Additionally, the fact that a dihydrogen adduct can be
stabilized with minimal back-donation also sheds light on possible, though yet undetected, H2 -
borane adducts in the activation of dihydrogen by frustrated Lewis pairs.23
These [SiPR3]Ni(H 2) adducts are structurally related to the previously reported
{[SipiP 3]Pt(H2)} {BArF4}. and also to a cationic iron(II) derivative, {[SiP 3]Fe(H 2)} {BArF4}; the
latter species is notably unusual due to its S = I ground state.24 SiP5 3 metal compounds thus
seem to be particularly suited for stabilizing these types of H2 adducts due to the electronic
properties and geometric requirements of the ligand; the stabilities of these adducts are further
modulated through a balance of ligand s-bond donation and metal 7r back-bonding.
3.2.5 Comparison of N2 and H2 Binding Properties
The relative N2 and H2 binding strengths of these complexes can also be examined
through a comparison of their UV-visible spectra. The spectrum of 3.2a exhibits an absorption
maximum at 425 nm along with broad features at around 500 and 700 nm (Figure 3.6, red). Upon
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removal of N2 under vacuum to generate the presumably vacant, four-coordinate cation
{ [SiPir3]Ni} {BArF4}, the peak at 425 nm disappears while the broad features grow into peaks at
492 and 687 nm (Figure 3.6, green). The presence of these peaks in the spectrum of 3.2a
suggests that the broadness observed in its 31P{1H} NMR spectrum is due to an equilibrium
between the N2 adduct and the vacant species at room temperature; upon cooling, N2 binding is
favored and the 31P resonance sharpens. A similar broad, low-energy absorption is observed in
the related four-coordinate species (TPB'Pr)Co, 2 5 and appears to be diagnostic of apical-site
vacancy in these systems. When H2 is introduced to the vacant species to form 3.5a, the
absorption maximum shifts to 410 nm and no trace of the vacant species remains (Figure 3.6,
blue). This demonstrates the stronger binding of H2 relative to N2 within this system, and is
consistent with studies showing that H2 is a better 7-acceptor than N2.2 2,26 In contrast to the full
binding of the H2 ligand in 3.5a, the related neutral cobalt H2 adduct (TPB'Pr)Co(H 2),25 which
should be much better at back-bonding, exhibits in an equilibrium with the vacant species at
room temperature; this again attests to the large role that a-donation plays in these highly
electrophilic cationic nickel complexes.
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Figure 3.6. UV-visible spectra of 3.2a under 1 atm N2 (red, ,a = 425 nm), under
vacuum (green, m. = 492 nm), and under 1 atm H2 to form 3.5a (blue, kma = 410 nm).
Spectra taken in 2:1 toluene:2-methoxy-2-methylpropane.
These relative binding strengths are seen to be reversed in the more electrophilic, phenyl-
substituted system. The UV-visible spectrum of 3.2b has an absorption maximum at 426 nm and
shows no trace of the vacant species {[SiPPh3]Ni} {BArF4 ), which exhibits only one peak at 491
nm (Figure 3.7, red and green, respectively). The lack of a broad, high-energy feature could
indicate a weak solvent or agostic interaction with this metal center, which is both more
electrophilic and more sterically accessible than that in the isopropyl-substituted system. In
contrast to the full binding of H2 in 3.5a, the UV-visible spectrum of 3.5b exhibits both an
absorption maximum at 455 nm and a broad shoulder at about 490 nm (Figure 3.7, blue),
attesting to a room temperature equilibrium between the H2 adduct and the vacant species. This
is consistent with its broad 31P resonance at room temperature which sharpens upon full H2
binding at lower temperatures. The stronger binding of N2 relative to H2 within this more
electrophilic system can be seen in the context of both corroborating and contrasting reports in
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the literature which, taken together, suggest that the relative a-donation and r-backbonding
abilities of N2 and H2 are highly system-dependent.22 26 27
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Figure 3.7. UV-visible spectra
vacuum (green, Xma = 491 nm),
Spectra taken in toluene.
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of 3.2b under 1 atm N2 (red, a = 426 nm), under
and under 1 atm H2 to form 3.5b (blue, kmaa = 455 nm).
The N2 and H2 binding energies in these complexes were also examined through DFT
calculations of the energy differences between the optimized adducts and their constituent
components, i.e. the vacant cationic metal species and the free N2 and H2 molecules. Though this
is an admittedly crude approach, the calculated association energies agree qualitatively with the
experimental observations. Consistent with the UV-visible spectra discussed above, the
isopropyl-substituted system is predicted to bind H2 more strongly than N2, while the phenyl-
substituted system is predicted to exhibit the reverse. Additionally, the stronger binding of N2 in
3.2b versus 3.2a is correctly predicted, though the H2 binding energies in 3.5a and 3.5b are
calculated to be roughly equal.
Table 3.3 Calculated association energies of [SiPR3] nickel N2 and H2 adducts.a
Association Energy Association Energy
Complex Symmetry (a.u.) (kcal/mol)
{[SiP'r3]Ni(N 2 ) }(3.2a) C3 -0.01956 -6.8750
{ [SiP'3]Ni(H2)}*(3.5a) C1 -0.01262 -7.9188
{[SiPph3]Ni(N 2)}+ (3.2b) C1 -0.01708 -10.7161{ [SiPph3]Ni(H 2)} +(3.5b) Cl -0.01292 -8.1085
a B3LYP/6-31G(d) for geometry
6.31 1+G(d,p) for energy calculations.
optimization and frequency calculations,
3.2.6 Reactions of Cationic Ni(II) Species with Carbon Dioxide
As these electrophilic, cationic nickel species seem particularly suited for binding even
weakly-donating linear molecules, we wondered whether this could extend to the linear CO 2
molecule. Though CO2 is generally bound to and activated by low valent metal centers, 2 8 we
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sought to determine whether it could act as a neutral, minimally activated a-donor to an
electrophilic metal center. CO 2 adducts of transition metals are predominantly bent, as they
become partially reduced by the low valent metal centers. Linear binding of CO 2 has so far only
been reported for a uranium(III) complex, where it is bound terminally, 29 and a yttrium(lI)
complex, where it bridges between yttrium centers and potassium counter-cations in polymeric
chains.
Upon freeze-pump-thawing a yellow-brown CD 2Cl2 solution of 3.2a to generate the dark
brown vacant species {I[SiP1P 3]Ni} {BArF4}, the broad 31p{1H} NMR resonance shifts and
sharpens slightly, while more significant shifts are observed in the 'H NMR spectrum (Figure 3.8,
a, b). Introduction of 1 atm CO 2 to the sample results in a color change back to a yellow-brown
solution, which now exhibits a single sharp 31P resonance, indicating the formation of a new,
three-fold symmetric species. The 1H NMR of this new species is also distinct from those of its
precursors. While this species persists in solution at room temperature, the CD 2Cl 2 solution
slowly decomposes to the paramagnetic {[SiP 3 ]Ni-Cl} {BArF4} (Figure 3.8, c-f) as well as
small amounts of other, unidentified products visible in the 31P spectrum. In order to avoid this
decomposition pathway, the experiment was repeated in C6D6 with minimal Et20 added to
solubilize the sample. In this solvent system, the "P resonance of the dark brown vacant species
(Figure 3.9, b) is significantly sharper than in CD 2 Cl 2, suggesting that fluxional solvent binding
takes place in the more coordinating solvent. Addition of 1 atm CO 2 to the vacant species in
C6D6/min. Et20 also results in a slight lightening of the brown solution which exhibits only
minimal changes in its NMR spectra (see Appendix C) aside from the appearance of a new,
sharp 3 1P resonance at 63.6 ppm (Figure 3.9, c, d). This chemical shift is diagnostic for the
formation of the cationic carbonyl adduct 3.4a, whose identity was confirmed by the diagnostic
3C{1 H} NMR and IR peaks of the "3CO 2 -generated analogue. No other non-ligand I3C
resonances were detected; however, the resonance of a linear, minimally activated CO 2 ligand
might be expected to exhibit only minimal deviation from that of free 3C0 2 in solution at 127.5
ppm. Upon identifying the formation of 3.4a, we re-examined the reaction performed in CD 2Cl2
and found that it is also generates 3.4a, though at a much slower rate. Though multiple attempts
were made to crystallize the initial adduct species, the crystals grown were invariably those of
3.4a.
Monitoring the UV-visible spectra of this reaction provides the same information as was
gleaned from the NMR spectra. No significant changes are observed upon introduction of I atm
CO 2 to the vacant species other than a slight decrease in the intensity of the absorption peaks at
498 and 687 nm and an increase in the intensity of the high-energy shoulder, consistent with the
generation of a small amount of yellow 3.4a from the vacant species (Figure 3.10, green, black).
These experiments suggest the formation of an initial linear CO 2 adduct, whose three-fold
symmetry is evidenced by the single 3P resonance observed upon CO 2 addition. One possible
mechanism for the subsequent activation of the bound CO 2 molecule could involve
intramolecular attack of one of the ligand phosphines on the alpha oxygen atom, which has been
rendered electrophilic through binding to the nickel center (Scheme 3.5). An alternative fate of
the oxygen atom could be formation of a siloxide through attack on the apical silyl moiety of the
ligand; however, while this type of reactivity was observed in a low-valent nickel() complex,3 1 a
CO 2 bound to electrophilic nickel(II) would not be expected to be able to carry out a nucleophilic
attack on silicon. We have unfortunately not yet been able to identify any of the side products of
this reaction. While some reactions resulted in phosphorus-containing species with chemical
shifts consistent with phosphine oxides, there seems to be a high degree of variability in the side
73
products generated by this reaction. Additionally, the reaction shown in Figure 3.9 does not seem
to generate any phosphorus-containing side products of roughly the same magnitude as the
concurrently generated CO adduct.
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'The more electrophilic, phenyl-substituted system exhibits analogous reactivity toward
CO2 . The sharp 3 P resotance of an orange-brown C6 D6 solution of 3.2b also becomes broad
upon removal of N2 to generate the dark brown vacant species {[SiPf' 3 ]Ni} {BAr 4}, while the
1H NMR shifts are more subtle (Figure 3.11, a, b). Addition of ! atm CO2 to the vacant species
results in gradual color change back to an orange-brown solution along with a sharpening of the
P resonance and the gradual growth of a new peak at 50.2 ppm. indicating the formation of the
CO adduct 3.4b (Figure 3.11, c-e). This assignment was again confirmed by generating the
labeled analogue with "CO 2. Additional small P resonances observed at 48.0 and 41.4 ppm
could be consistent with formation of various phosphine oxide side products. As in the
isopropyl-substituted system, the UV-visible spectrum shows only a decrease in the intensity of
the vacant species absorption at 495 nm (Figure 3.12. green, black).
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Figure 3.8. H (left) and 31 P{ H} (right) NMR spectra of 3.2a under 1 atm N2 (a), under
vacuum (b), under 1 atm CO 2 for ca. 15 min. (c), ca. 1 hour (d), ca. 2 hours (e), and ca. 3
hours (f). Spectra taken in CD2Cl 2, in which decomposition to the paramagnetic
{[SiPr 3]Ni-Cl} {BAr 4} takes place gradually at room temperature. Peak marked with a
symbol corresponds to 3.4a formed during the course of the reaction.
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Figure 3.9. 'H (left) and 31P{1H} (right) NMR spectra of 3.2a under 1 atm N2 (a), under
vacuum (b), under 1 atm CO2 for ca. 15 min. (c), and under 1 atm CO2 for 1 day (d).
Spectra taken in C6D6/min. Et2O. Peaks marked with a '*' symbol correspond to 3.4a
formed during the course of the reaction.
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Figure 3.10. UV-visible spectra of 3.2a under 1 atm N2 (red, kmax = 422 nm), under
vacuum (green, mx, = 498 nm), and under 1 atm CO 2 (black, Xmax = 498 nm). Spectra
taken in 2:1 toluene:2-methoxy-2-methylpropane.
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Figure 3.11. 'H (left) and 31P{1H} (right) NMR spectra of 3.2b under 1 atm N2 (a),
under vacuum (b), under 1 atm CO2 for ca. 15 min. (c), 1 day (d), and 2 days (e). Spectra
taken in C6D6. Peaks marked with a '*' symbol correspond to 3.4a formed during the
course of the reaction. The broadness of the 'H peaks in spectrum 'c' is due to poor
shimming, but the salient features remain discernable. The small 31P resonance at 33.7
ppm is due to a [SiP 3]Ni-Cl impurity in 3.2b; this species remains unchanged
throughout the reaction.
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Figure 3.12. UV-visible spectra of 3.2b under 1 atm N2 (red, max = 428 nm), under
vacuum (green, Xmax = 495 nm), and under 1 atm CO 2 (black, Xmax = 498 nm). Spectra
taken in 2:1 toluene:2-methoxy-2-methylpropane.
The calculated association energies of CO 2 with the four-coordinate, cationic nickel
fragments predict no binding in the isopropyl-substituted system and a very weak interaction in
the phenyl-substituted system. While this is not consistent with the observed reactivity, which
could go through a different initial adduct geometry, it does support the hypothesis that
electrophilicity plays an important role in the interaction between CO2 and these cationic nickel
species.
Table 3.4 Calculated association energies of nickel CO 2 adducts.a
Association Energy Association Energy
Complex Symmetry (a.u.) (kcal/mol)
{ [SiPlPr3]Ni(CO 2)}+ C3 0.005508 3.4026
([SiPh 3]Ni(CO2)}* C1 -0.002917 -1.8305a B3LYP/6-31G(d) for geometry optimization and frequency calculations,
6.311+G(d,p) for energy calculations.
3.3 Conclusion
We have demonstrated that cationic Ni(II) complexes of tris(phosphino)silyl ligands
[SiPR3]- are able to coordinate both dinitrogen and dihydrogen, generating among the first
thermally stable examples of these types of compounds. We conjecture that the stability of the N2
compounds is predominantly due to the strength of the ligand a-donation interaction, while n
back-bonding from the metal is seen to be relatively insignificant. In the H2 adducts, however,
the effect of a back-bonding may be more pronounced. Further work is warranted to shed
additional light on the interplay of a and a effects in stabilizing complexes of these types. The
dihydrogen adducts of nickel described above broaden the scope of stable dihydrogen
compounds of late first-row transition metals, including Co, Ni, and Cu,32 , 33 and are of interest
with respect to hypotheses suggesting that Ni can serve as the site for H2 binding and heterolytic
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activation in [NiFe] hydrogenases. Most notable is that H2 has been demonstrated to bind to a
highly electrophilic nickel center as a sigma adduct. and exhibits heterolysis upon addition of
exogenous base. Additionally, we have obtained evidence that these electrophilic nickel cations
enable the formation of 9 linear, end-on bound CO2 adducts which subsequently decompose to
the corresponding CO adducts.
3.4 Experimental Section
3.4.1 General Considerations
All manipulations were carried out using standard Schlenk or glovebox techniques under
an atmosphere of dinitrogen. Solvents were degassed and dried by sparging with N2 gas and
passage through an activated alumina column. Deuterated solvents were purchased from
Cambridge Isotopes Laboratories, Inc. and were degassed and stored over activated 3 A
molecular sieves prior to use. 13C0 2 was also purchased from Cambridge Isotopes Laboratories,
Inc. and was used as received out of the lecture bottle. Reagents were purchased from
commercial vendors and used without further purification unless otherwise noted. [SiPPh3]H,I1
[SiPiPr3]H," [SjiPr3]Ni-Cl,"' and H(BArF4)-2Et 20, 34 were synthesized according to literature
procedures with the following modifications: [SiPi' 3]Ni-Cl was synthesized using NiCl2-DME
instead of NiCl 2 and the reaction was performed at room temperature in benzene instead of at
reflux in THF; H(BArF4)-2Et 2O was synthesized using a solution of 1.2 M HCl in Et 20 instead of
gaseous HCl. Elemental analyses were performed by Midwest Microlab (Indianapolis, IN).
3.4.2 Spectroscopic Measurements
1H, 13 C, fF, 29Si, and "P NMR spectra were collected at room temperature, unless
otherwise noted, on Varian 300 MHz, 400 MHz. and 500 MHz NMR spectrometers. 'H and 3C
spectra were referenced to residual solvent resonances. "N spectra were referenced by using the
"setref' protocol in Varian's VnmrJ software, which derives the chemical shifts from known
frequency ratios of the 15N standard (liq. NH 3 at 0 ppm) to the lock signal of the deuterated
solvent. 3 "F spectra were referenced to external C6F6 (6 = -164.9 ppm). 3P spectra were
referenced to external 85% phosphoric acid (6 = 0 ppm). T 1mm values were determined by fitting
the pulse-recovery IH spectra at various temperatures using the Ti calculation protocols in either
Varian's VnmrJ software or Mestrelab Research S. L.'s Mestrenova version 6.2.1. IR
measurements were obtained in KBr pellets or in a solution cell with salt plates using a Bio-Rad
Excalibur FTS 3000 spectrometer with Varian Resolutions Pro software.
3.4.3 X-ray Crystallographic Details
X-ray diffraction studies were carried out at the MIT Department of Chemistry X-ray
Diffraction Facility on a Bruker three-circle Platform diffractometer coupled to a Bruker-AXS
Smart Apex CCD detector and at the Caltech Division of Chemistry and Chemical Engineering
X-ray Crystallography Facility on a Bruker three-circle SMART diffractometer with a SMART
1K CCD detector. Data were collected at 1OOK using Mo Ka radiation () = 0.71073 A).
Structures were solved by direct or Patterson methods using SHELXS and refined against F2 on
all data by full-matrix least squares with SHELXL-97. 37 All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were placed at geometrically calculated positions and
refined using a riding model. The isotropic displacement parameters of all hydrogen atoms were
fixed at 1.2 (1.5 for methyl groups) times the Ueq of the atoms to which they are bonded. Some
structures contained disorder in either the solvent molecules or the -CF 3 groups of the BAr F4
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anions; these disorders were refined with the help of similarity restraints on equivalent 1-2 and I -
3 distances. Disordered -CF 3 groups were modeled as an idealized disorder over two positions
rotated 600 from one another, with equivalent fluorine atoms constrained to have equal
anisotropic displacement parameters.
For the structure of 2a, checkCIF reports one level A alert (PLAT213_ALERT_2_A) due
to a high ratio of maximum to minimum anisotropic displacement parameters (ADP) for atom
C34B. As this atom is part of the benzene molecule that is highly disordered around a mirror
plane and required the use of a rigid group constraint (AFIX 66), we did not deem it appropriate
to model any further disorder.
3.4.4 DFT Calculations
All calculations were performed using the Gaussian03 suite. 38 The geometry
optimizations were done at the DFT level of theory using the B3LYP hybrid functional. C3
symmetry restraints were used only when minimizations in Cl failed to converge in the
minimizations of {[SjiPr 3]Ni}4 and {[SjpiPr3]Ni(N 2)}+. The 6-31G (d) basis set was used for all
atoms in geometry optimizations. The full ligand was used for each calculation, and the
minimized structures were verified with frequency calculations. The starting coordinates for the
metal and ligand were taken from the crystal structures of the corresponding N 2 adducts;
hydrogen atoms were placed in the apical binding site at an arbitrary initial distance of 1.5 A
from the metal and 0.9 A from each other. Single point calculations were performed on the
optimized structure using the 6-311+G(d,p) basis set to obtain the energies used in the
calculation of association energies; the energy corrections obtained from the frequency
calculations were added to these energies.
3.4.5 Syntheses
Note concerning the lack of combustion data for the dihydrogen adducts 3.5a and 3.5b, and
the lack of satisfactory combustion data for methyl compounds 3.1a and 3.1b. The cationic
dihydrogen adducts 3.5a, 3.5b, in addition to their HD analogues, can be generated cleanly
according to NMR spectroscopy by the methods described below; however, the fifth ligand is
labile under vacuum, slow evaporative drying, or exposure to N2, and this fact frustrates attempts
to obtain reliable C,H1,N data. In the case of compound 3.1a and 3.1b, we have not yet been able
to obtain satisfactory combustion analysis data. We are, however, confident in our assignment of
the identity of this compound, as we can obtain spectroscopically clean samples. The NMR
spectra are analogous to those of the previously reported14 [SpiPr3]Pt-CH3 and [SiPiPr3]Pd-CH3,
and are indicative of the species shown in the crystal structure obtained for 3.1a. The crystal
selected for the X-ray diffraction study of compound 3.1a was representative of the batch of
crystals grown.
Synthesis of [SiPwr3]Ni-CH 3 (3.1a). Under a dinitrogen atmosphere, [SipiPr 3]Ni-Cl (100 mg, 142
gmol) was dissolved in Et20 and cooled to -78 'C. MeLi in Et20 (2.7 mL of 0.16M solution, 427
pmol) was added dropwise at -78 'C. The red solution was allowed to warm to room temperature
overnight then stirred at room temperature for 3 hr, resulting in a dark green solution. Volatiles
were removed to yield dark green residue, which was dissolved in pentane and filtered through
Celite. Volatiles were removed again; the resulting green solids were washed with Et 20 then
dissolved in C6H6 and lyophilized to afford spectroscopically clean [SipiPr 3]Ni-CH 3 (58 mg, 60%)
as an orange solid. Orange crystals suitable for X-ray diffraction were grown by slow
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evaporation of a pentane solution. 'H NMR (C6D6, 6): 8.05 (d, J= 6.9 Hz, 3H), 7.21 (m, 6H),
7.07 (m, 3H), 2.51 (m, 6H), 1.12 (m, 18H), 0.66 (m, 18H), 0.33 (q, 3JPH 9.9 Hz, 3H, Ni-CH3).
3C{'H} NMR (C6D6 , 6): 156.3 (m), 146.7 (m), 132.9 (m), 129.3 (s), 128.7 (s), 126.9 (s), 27.8
(m), 19.3 (s), 18.7 (s), -26.5 (q, 2jP = 15.6 Hz). 6P{'H} NMR (C6 D6, ): 43.9 (s). Anal. Calcd.
for C37H57SiP3Ni: C, 65.20; H, 8.43. Found: C, 59.42; H, 8.47. (see note above)
Synthesis of [SiPPh3]Ni-CH 3 (3.1b). Under a dinitrogen atmosphere, [SiPPh3]H (100 mg, 124
gmol) and NiCl 2 -DME (32 mg, 145 Rmol) were weighed out into a vial, dissolved in THF, and
cooled to -78 'C. MeMgCl in THF (4.4 mL of 0.3M solution, 1.24 mmol) was added slowly with
stirring at -78 'C. The resulting red solution was allowed to warm to room temperature overnight,
then stirred at room temperature for 1 hr, after which 5 mL 1,4-dioxane was added and the
mixture was stirred at room temperature for another 2 hr. Volatiles were removed to yield brown
residue, which was dissolved in C6H6 and filtered through a sintered glass frit. Volatiles were
removed from the brown filtrate to yield brown residue, which was washed with Et 2 0 to afford
spectroscopically clean [SiPPh3]Ni-CH 3 as a mustard yellow solid (99 mg, 90%). ' H NMR (C6 D6 ,
6): 8.33 (d, J= 7.20 Hz, 3H), 7.59 (m, 6H), 7.07 (m, 12H), 6.96 (m, 3H), 6.84 (m, 6H), 6.71 (m,
12H), 0.55 (q, 'JP-H = 9.20 Hz). "C{'H} NMR (CD 2 Cl 2 , 6): 137.5 (m), 132.9 (m), 129.6 (s),
129.5 (s), 128.9 (m), 128.9 (s), 128.7 (s), 128.3 (s), 128.0 (m), 125.8 (s). P{'H} NMR (CD,, 6):
45.9 (s). (see note above concerning lack of EA data)
Synthesis of {I[SiP r3]Ni(N 2)}{BAr F4} (3.2a). Under a dinitrogen atmosphere, [SiPr 3]Ni-CH3
(22 mg, 32 gmol) was dissolved in C6H6 and added to HBAr F4-2Et 2O (33 mg, 32 Rmol). The
resulting mixture was stirred at room temperature for 30 minutes, after which the orange
precipitate was isolated from the yellow solution, washed with C6H6, and dried under vacuum to
afford spectroscopically clean {[SiPir 3]Ni-N 2} {BArF4} (40 mg, 80%). The complex decomposes
over the course of days in CH2Cl 2, but can be stored without decomposition in pentane at -30 'C.
Orange crystals suitable for X-ray diffraction were grown by slow evaporation of a CH 2Cl 2
solution. 'H NMR (CD 2Cl 2, 6): 7.72 (m, 8H, o-BAr F4), 7.66 (m, 6H), 7.56 (s, 4H, p-BArF4), 7.48
(m, 6H), 2.75 (br s, 6H), 1.04 (br s, 18H), 0.94 (br s, 18H). 3C{ H} NMR (CD 2Cl2, 6): 162.3 (q,
1JB-C = 50 Hz), 150.4 (m), 139.9 (m), 135.4 (s), 132.9 (m), 131.6 (s), 130.7 (s), 129.5 (q 2 JFC
32 Hz), 128.9 (s), 125.2 (q, 1JF-C = 273 Hz, -CF3), 118.0 (s), 28.2 (br s), 20.0 (br s), 18.9 (s). 'H
NMR (-70 0C, CH2Cl 2, 6): 7.75 (m, 3H), 7.71 (m, 8H, o-BArF4), 7.53 (s, 4H, p-BAr F4), 7.46 (m,
6H), 7.42 (m, 3H), 2.99 (s, 3H), 2.19 (m, 3H), 1.35 (s, 9H), 1.23 (s, 9H), 0.96 (s, 9H), -0.48 (s,
9H). '9F{'H} NMR (CD 2Cl2, 6): -61.3 (s). 31p 'H} NMR (CD 2Cl 2, 6): 46.2 (v br). 3 1P{l'H} NMR
(-70 0C, CH 2Cl 2, 6): 47.6 (s). IR (KBr, cm-'): 2223 (VN-N). Anal. Calcd. for C68H66SiP 3NiN 2BF 24 :
C, 52.43; H, 4.27; N, 1.80. Found: C, 52.62; H, 4.30; N, 1.62.
Synthesis of {[SP iPr 3]Ni( 15N 2)} {BAr } (3.2a'). Under a dinitrogen atmosphere,
{[SiiPr3]Ni(N 2)} {BArF4 1 (10 mg, 6 limol) was dissolved in CD 2Cl 2 and transferred to a J. Young
tube. The sample was freeze-pump-thawed five times, then exposed to ca. 0.2 atm 5 N2 while
frozen. Upon thawing in the sealed tube, the solution retained the orange-brown color of the
starting material. 'H NMR (CD 2CI2, 6): 7.72 (m, 8H, o-BArF4), 7.66 (m, 6H), 7.56 (s, 4H, p-
BArF4), 7.48 (m, 6H), 2.75 (br s, 6H), 1.06 (br s, 18H), 0.94 (br s. 18H). 15N{'H} NMR (-40 0C,
CD 2Cl2 , 6): 361.8 (s), 310.4 (s, free 5N2), 300.9 (s). 3 1P{' H} NMR (-30 0C, CH2CI2, 6): 48.2 (s).
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Synthesis of {[SiPPh3]Ni(N 2)}{BArF4} (3.2b). Under a dinitrogen atmosphere, [SiPPh3]Ni-CH 3
(25 mg, 28 gmol) and HBAr F4-2Et2O (29 mg, 28 [tmol) were weighed out and suspended in abpit
5 mL n-pentane. About 0.5 mL benzene was added, and the resulting mixture was stirred at room
temperature overnight, resulting in a pale orange solid suspension. The solid was isolated and
dried under vacuum to afford analytically pure compound. Orange crystals suitable for X-ray
diffraction were grown by layering pentane over a toluene solution and cooling to -35 'C. 'H
NMR (C6D6, 6): 8.43 (s, 8H, o-BArF4), 7.65 (s, 4H, p-BArF4), 7.54 (d, J= 7.20 Hz, 3H), 7.10 (m,
3H), 6.96 (m, 3H), 6.87 (m, 9H), 6.73 (m, 24H). 'H NMR (-20 'C, toluene-ds, 6): 8.46 (s, 8H, o-
BAr F4), 7.62 (s, 4H, p-BAr F4), 7.57 (d, J = 5 Hz, 2H), 7.51 (d, J = 5 Hz, I H), 6.96 (br s, 3H),
6.90 (m, 6H), 6.84 (br s, 6H), 6.69 (m, 24H). 13C{' H} NMR (C6D6, 6): 162.8 (q, 'JB-C = 49 Hz),
148.0 (m), 140.8 (m), 135.5 (s), 132.7 (m), 132.6 (m), 132.3 (m), 132.2 (s), 131.6 (s), 131.3 (s),
130.7 (s), 130.5 (s), 129.9 (q, 2 JFC = 31 Hz), 125.3 (q, 2JF-C = 272 Hz, -CT3), 118.1 (s). '9F{'H}
NMR (C6D6, 6): -60.6. "P{'H} NMR (C6 D6 , 6): 42.5 (s). 3 P{'I-1} NMR (-20 'C, toluene-ds, 6):
40.6. IR (KBr, cm-1): 2234 (VN-N). Anal. Calcd. for C86H54SiP 3NiN2BF 24: C, 58.63; H, 3.09; N,
1.59. Found: C, 58.96; H, 3.29; N, 1.06.
Synthesis of {[SiPPh3 ]Ni(15 N2)}{BArF4} (3.2b'). Under a dinitrogen atmosphere, [SiP Ph 3]Ni-CH 3
(20 mg, 23 imol) was dissolved in toluene-d 8 and added to HBArF4-2Et 2O (23 mg, 23 gmol).
The mixture was stirred at room temperature for 20 minutes, resulting in an orange-brown
solution. The sample was freeze-pump-thawed seven times, then exposed to ca. 0.5 atm "N2
while frozen. Upon thawing in the sealed tube, the solution retained the orange-brown color of
the starting material. 1H NMR (toluene-d8 , 6): 8.34 (s, 8H, o-BAr F4), 7.65 (s, 4H, p-BArF4),7.61
(d, J = 6.80 Hz, 3H), 7.16 (m, 3H), 7.02 (m, 3H), 6.97 (m, 3H), 6.91 (m, 6H), 6.76 (s, 24H).
5N{'H} NMR (-20 0C, toluene-d8, 6): 346.9 (s), 310.2 (s, free 15N 2), 296.9 (s). 3 1P{' H} NMR (-
20 'C, toluene-d8, 6): 40.6 (s).
Synthesis of {[SiPWr3]Ni(NCMe)}{BArF 4} (3.3a). Under a dinitrogen atmosphere,
{[SjiPA3 ]Ni(N 2)}{BArF41 (12 mg, 8 gmol) was dissolved in CD 2Cl 2 to form an orange-brown
solution. Excess (192 imol) MeCN was added, resulting in an orange solution. Volatiles were
removed to yield spectroscopically clean material as an orange solid (12 mg, 100%).
Analytically pure orange crystals suitable for X-ray diffraction were grown by slow diffusion of
pentane vapors into a C 6H6/minimal CH 2Cl 2 solution. I H NMR (CD 2 Cl 2 , 6): 7.78 (d, J= 6.0 Hz,
3H), 7.71 (s, 8H, o-BAr F4), 7.55 (s, 4H, p-BAr 4). 7.51 (in, 3H), 7.41 (m, 6H), 2.61 (br s, 6H),
2.31 (m, 3H, Ni-NCCH3), 1.18 (m, 18H), 0.55 (br s, 18H). 13C{ I H-} NMR (CD 2Cl2 , 6): 162.4 (q,
JB-C = 50 Hz), 152.9 (m), 139.8 (m), 135.4 (s), 133.2 (m), 131.0 (s), 130.5 (s), 129.5 (q, 2 JF-C
32 Hz), 129.4 (s), 129.3 (m, Ni-NCCH3), 125.2 (q, 'JF-C = 272 Hz, -CF3), 118.0 (m), 27.1 (m),
18.9 (s), 18.7 (s), 5.7 (s, Ni-NCCH3). 19F{'H} NMR (CD 2Cl 2, 6): -61.3 (s). 3 1P{'H} NMR
(CD 2Cl 2, 6): 43.7 (s). Anal. Calcd. for C70H69SiP 3NiN: C, 53.52; H, 4.43; N, 0.89. Found: C,
53.22; H, 4.36; N, 0.93.
Synthesis of {[SiPPh 3]Ni(NCMe)}{BAr F4} (3.3b). Under a dinitrogen atmosphere,
{[SiPPh3]Ni(N 2)}{BArF4} (13 mg, 7 p[mol) was dissolved in C6H6 to form an orange solution.
Excess (957 jimol) MeCN was added, resulting in a yellow solution. Volatiles were removed to
yield spectroscopically clean material as an orange-yellow solid (12 mg, 92%). (Analytically
pure orange crystals suitable for X-ray diffraction were grown by slow diffusion of pentane
vapors into a C6H6/minimal CH 2Cl 2 solution.) 'H NMR (C6D, 6): 8.42 (s, o-BArF4, 8H), 7.66 (s,
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p-BArF4 , 4H), 7.63 (d, J = 7.20 Hz, 3H), 7.12 (m, 3H), 7.08 (m, 3H), 6.90 (m, 9H), 6.82 (br s,
12H), 6.75 (t, J= 7.00 Hz, 12H), 0.58 (br s, Ni-NCCH 3 , 3H). 13C{'H} NMR (C6D6 , 6): 163.2 (q,
.JB-C = 49 Hz), 149.6 (m), 142.8 (m), 136.6 (s), 135.0 (s), 133.7 (s), 133.4 (s), 132.1 (s), 131.2 (s),
130.5 (s), 130.2 (s), 129.8 (s), 129.7 (m), 127.0 (s), 125.6 (q, 'JF-C = 274 Hz), 119.3 (s), 117.7 (s),
10.7 (m, Ni-NCCH3). ' 9F{ 'H} NMR (C6D6, 6): -62.2 (s). 31P{ H} NMR (C6D6 , 6): 38.7 (s).
Synthesis of {[SjPiPr3]Ni(CO)}{BArF4} (3.4a). Under a dinitrogen atmosphere,
{[SiPr 3]Ni(N 2)} {BArF4 )(20 mg, 13 pmol) was dissolved in CH2Cl 2 and transferred to a J.
Young tube. The sample was freeze-pump-thawed once, then exposed to one atm CO, resulting
in a bright yellow, spectroscopically clean solution. Analytically pure material was obtained by
recrystallization by layering pentane on a benzene/minimal CH 2Cl 2 solution, isolating the
resulting solid, and washing with pentane (12 mg, 60%). Yellow crystals suitable for X-ray
diffraction were grown by slow evaporation of a CH2Cl 2 solution. 'H NMR (CD 2 Cl2, 6): 7.93 (d,
J= 7.20 Hz, 3H), 7.73 (s, 8H, o-BArF4), 7.56 (s. 4H, p-BArF4), 7.50 (m. 9H), 2.62 (br s, 6H),
1.15 (m, 18H), 0.58 (br s, 18H). "{I} NMR (CD2 Cl2 , 6): 208.2 (q, JP-C 12 Hz, Ni-CO),
162.3 (q, 'JB-C = 50 Hz), 152.3 (m), 139.1 (m), 135.4 (s), 133.7 (m), 132.3 (s), 130 7 (s), 130.2
(s), 129.5 (q, 2JF-C = 32 Hz), 125.2 (q, IJF-C = 272 Hz, -CT3 ), 118.0 (s), 28.0 (s), 18.8 (s), 18.2 (s).
'
9F{'H} NMR (CD 2Cl 2, 5): -61.4 (s). 31P{ H} NMR (CD 2Cl2 , 6): 63.6 (s). IR (KBr, cm-'): 2036
(vC-o). Anal. Calcd. for C69H66SiP3NiO: C, 53.20; H. 4.27. Found: C, 52.32; H, 4.04.
Synthesis of {[SiP P 3]Ni(CO)}{BAr F4) (3.4b). Under a dinitrogen atmosphere. [SiPPh 3]Ni-CH 3
(25 mg, 28 limol) was dissolved in C6 H6 and added to HBArF4-2Et 2O (29 mg, 28 pmol). The
resulting mixture was stirred at room temperature for 30 minutes, resulting in a dark brown
solution of {[SiPPh3]Ni-N 2}{BAr'4}. The sample was transferred to a J. Young tube, freeze-
pump-thawed twice, then exposed to one atm CO, resulting in a orange-yellow solution.
Spectroscopically and analytically clean compound was obtained by layering pentane on a C6 H6
solution, resulting in yellow microcrystals (28 mg, 57%). Yellow crystals suitable of X-ray
diffraction were grown by layering pentane on a C6 H6 solution. 1H NMR (toluene-d8, 6): 8.35 (s,
8H, o-BAr F4), 7.77 (d, J 6.80 Hz, 3H), 7.65 (sr 4H, p-BAr 4 7.23 (m, 31H), 6.98 (m, 6H), 6.85
(m, 6H), 6.70 (m, 24H). "'C{'l H} NMR (toluene-d8, 6): 203.0 (q, LJp-C = 14 Hz, Ni-CO), 162.7 (q,
JB-C = 50 Hz), 148.7 (m), 141.5 (m), J35.5 (s). 133.8 (s), 132.8 (m), 132.6 (s), 132.5 (m), 132.3
(m), 132.0 (s), 131.5 (s), 130.8 (s), 129.9 (q, 2j1& = 31 Hz), 125.3 (q, 'JF-C = 273 Hz, -CF3),
118.0 (s). ' 9F{'H} NMR (C6D6 , 6): -60.5 (s). P{VH} NMR (toluene-d8 , 6): 50.6 (s). IR (KBr,
cm"): 2046 (vC-o). Anal. Calcd. for C8 7H54 SiP3NiO: C, 59.3 1; H, 3.09. Found: C, 59.20; H, 3.10.
Synthesis of {I[SipiPr3]Ni(H 2)}{BArF4} (3.5a). Under a dinitrogen atmosphere.
{[SiiPr3]Ni(N 2)} {BArF4} (5 mg, 3 gmol) was dissolved in CD 2Cl2 and transferred to a J. Young
tube. The sample was freeze-pump-thawed five times, then exposed to one atm H2 while frozen.
Upon thawing in the sealed tube, the solution gradually turned bright yellow. Unsealing or
diluting the sample results in gradual recovery of the four-coordinate starting material's color. 'H
NMR (CD 2Cl 2, 6): 7.93 (d, J= 7.20 Hz, 3H), 7.72 (m, 8H, o-BAr F4), 7.56 (s, 4H, p-BArF4), 7.53
(m, 6H), 7.47 (m, 3H), 2.48 (br s, 6H), 1.06 (m, 18H), 0.47 (br s, 18H), -3.58 (br s, 2H). 'H NMR
(-70 *C, CH 2Cl 2, 6): 7.87 (d, J= 7.00 Hz), 7.71 (s, 811, o-BArF4 7.53 (s, 4H, p-BArF4), 7.45 (m,
9H), 4.55 (s, free H2), 2.80 (s, 3H), 1.98 (s, 31H), 1 14 (m, 914). 0.96 (s. 9H), 0.90 (s, 91-), -0.54 (s,
911), -3.76 (s, Ni(H2), 2H). Ti(mnn) (500 MHz, -50 C) = 20 ns. 3C{l1 } NMR (CD 2CI2, 6): 162.4
(q, 'JB-C = 50 lHz). 152.5 (m), 139.1 (m), 135.4 is). 133.7 (m). 131.9 (s). 130.9 (s), 130 0 (s),
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129.5 (q, 2JF-C = 31 Hz), 125.2 (q, IJF-C = 272 Hz, -CF3), 118.1 (s), 26.6 (br s), 18.6 (s), 18.3 (s).
'
9F{'H} NMR (CD 2CI2, 5): -61.3 (s). 'P{I'H} NMR (CD 2C 2, 5): 60.0 (s).
Synthesis of {[SiP1'3]Ni(HD)}{BArF4} (3.5a'). A sample of {[SiPipr3]Ni(N2 )} {BArF4 ) (7 mg, 4
gmol) dissolved in CD 2Cl 2 in a J. Young tube was freeze-pump-thawed four times, then exposed
to ca. 0.4 atm ID (generated from the reaction of excess LiAIH 4 and D2O) while frozen. Upon
thawing in the sealed tube, the solution gradually turned orange-yellow. 'H NMR (CD 2CI2, 6):
7.92 (d, J= 7.50 Hz, 3H), 7.72 (m, 811, o-BAr F4), 7.56 (s, 4H, p-BAr F4), 7.53 (m, 6H), 7.47 (m,
3H), 2.47 (br s, 6H), 1.05 (m, 18H), 0.46 (br s, 18H), -3.59 (m, 1H). I H NMR (-70 OC, CH 2 Cl 2,
5): 7.87 (d, J= 6.99 Hz, 311), 7.72 (m, 811, o-BArK4), 7.53 (s, 4H, pBArF4), 7.46 (m, 9H), 4.52 (t,
1JH-D = 42 Hz, free HD), 2.79 (s, 311), 1.97 (s. 3H), 1.13 (s., 9H), 0.95 (s. 9H), 0.89 (s, 9H), -0.54
(s, 911), -3.78 (t, 1JfD = 35 Hz, Ni(HD), i H). "P{'H} NMR (CD2 Cl 2, 5): 60.1 (s).
Synthesis of {[SiP" 3 ]Ni(II 2 )}{BArF4} (3.5b). Jnder a dinitrogen atmosphere, [SiP Ph 3]Ni-CH 3
(16 mg, 18 iol) was dissolved in toluene-ds and added to HBArF.i-2Et 20 (18 mg, 18 pmol).
The mixture was stirred at room temperature for 30 minutes, resulting in an orange-brown
solution which was transferred to a J. Young tube.. The saipie was frozen, evacuated, and
exposed to I atm H2. Upon thawing the sealed tube and shaking, the solution turned red-orange.
'11 NMR (toluene-ds, 5): 8.34 (s, 8H, o-BArF4), 7.71 (in, 311), 7.63 (s. 4H, p-BArF4), 7.19 (m,
3H), 6.97 (m, 6H), 6.84 (br s, 6H), 6.68 br s, 2411), -2.55 (br s, Ni(H2), I H). 'H NMR (-20 0C,
toluene-d8, 5): 8.47 (s. 81H, o-BAr F4) 7.69 (m, 31-1). 7.62 (s, 4F4 -BAr F), 7.18 (in, 3H), 6.92 (br
s, 6H), 6.80 (m, 6H), 6.63 (br s, 24H), 4.53 (br s, free H2), -2.91 (r s, IH). T)(-nn (500 MHz.
30 'C) = 24 ms. 3C{ H} NMR (toluene-d8, 5): 162.7 (q, '.3.c = 50 Hlz). 148.8 (m), 141.1 (m),
135.5 (s), 133.1 (m), 132.8 (s), 132.7 (m). 132.5 (s), 132.1 (m), 131.7 (m), 131.2 (s), 130.4 (s),
129.9 (q m, 2JF-C = 31 Hz), 125.3 (q, iJF-C = 272 Hz, -CF3), 118.0 (s). !9F{' H} NMR (toluene-dR,
5): -60.7. 3 1P{l H} NMR (toluene-ds. 6): 44.8 (s).
Deprotonation of {[SiPP.;JNi(H 2)}{BArF4) by triethylamine. Under a dinitrogen atmosphere,
{[SiPPh3 ]Ni(N 2)}{BArF4} (10 mg, 6 ptmoi) was dissolved in C6D6 in a J. Young tube to form a
orange solution. Excess (66 mol) triethylamine was added with no visible color change. The
sample was freeze-pump-thawed once, then exposed to one atm of H2, resulting in a light orange
solution. The major species in the 'H and 31P NMR spectra exhibited the characteristic
resonances of [SiPh 3]Ni-H; a minor impurity was not identified.
Synthesis of {[SiPh'3 INi(HD)}{BArF4} (3.5b'). A sample of {[SiPPh3]Ni(H 2)}{BArF4 dissolved
in toluene-d8 in a J. Young tube was freeze-pump-thawed twice, then exposed to ca. I atm HD
(generated from the reaction of excess LiAlH 4 and D20) while frozen. Upon thawing in the
sealed tube, the solution gradually turned red-orange. 'H NMR (toluene-d8 , 5): 8.34 (s, 8H, o-
BArF4 ), 7.64 (br s, 7H, p-BArF4 overlapped with 3H), 7.17 (m, 3H), 6.97 (br s, 6H), 6.87 (br s,
6H), 6.71 (br s, 24H), -2.70 (br s, Ni(HD), I H). '1H NMR (-20 'C, toluene-d8 , 5): 8.46 (s, 8H, o-
BAr F4), 7.68 (d, J= 7 Hz, 2H), 7.62 (s, 4H, p-BAr F4), 7.50 (d, J= 7 Hz, IH), 7.17 (m, 3H), 6.92
(m, 6H), 6.79 (m, 6H), 6.73 (br s, 9H), 6.63 (s. 15H), 4.49 (t, I JH-D = 42 Hz, free HD), -2.93 (t,
1JH-D = 33 Hz, Ni(HD), 1H). 1P{'H} NMR (toluene-d8, 5): 45.1 (s).
Synthesis of [SiP"3]Ni-H (3.6a). Under a dinitrogen atmosphere, H[SiP 3] (29 mg, 48 gmol)
and Ni(COD) 2 (16 mg, 58 gmol) were dissolved in about 3 mL Et20, stirred for about 24 hours
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at room temperature, then pumped down. The residue was dissolved in pentane and filtered,
resulting in an orange solution. Volatiles were removed under vacuum to afford an orange solid
(yield, %). Though we have not yet been able to obtain spectroscopically and analytically pure
compound (NMR shows around 2% [SiPiPr3]Ni-Cl impurity), the major species observed in the
'H and 31P NMR spectra has an upfield 'H resonance with a chemical shift and 2 jH-P consistent
with the analogous [SiPR3] Pt hydrides previously reported, 4 and corresponds to the product
obtained in the deprotonation of {[SiPT 3]Ni-H 2} {BAr } with triethylamine (vide infra). Orange
crystals suitable for X-ray diffraction were grown by cooling a saturated pentane solution to -
35 'C; the crystal structure showed about 2.5 % occupancy of the chloride. 'H NMR (C6D6, 6):
8.11 (d, J= 8 Hz, 3H), 7.25 (m, 6H), 7.07 (m, 3H), 2.26 (m, 6H), 0.98 (m, 18H), 0.63 (br s, 18H),
-8.05 (q, 2 JH-P = 36 Hz, lH). '3C NMR (C6D6, 6): 156.4 (m), 148.7 (m), 133.2 (m), 129.4 (s),
128.8 (s), 126.7 (s), 26.4 (s), 18.74 (s), 18.65 (s). 31P{'H} NMR (C6D6, 6): 67.8 (s). IR (C6H6,
cmI): 1732 (VNi-H)-
Reaction of [SiP3]Ni-H with 1-octene. Under a dinitrogen atmosphere, [SiPr 3]Ni-H (5 mg, 7
Rmol) was dissolved in C6D6 in a J. Young tube to form a forest green solution. Excess (64 pimol)
I-octene was added with no visible color change. After one day at room temperature in the
sealed tube, the major Ni-containing species was still [SjPiPr3]Ni-H, with a "P chemical shift of
67.2 ppm; a new species had also grown in, with a 31P chemical shift of 35.2 ppm. 'H and 13C
NMR spectra showed almost complete consumption of 1-octene (characteristic 'H peaks: 5.01
(m, 1H), 5.79 (m, IH): "3C peaks: 139.3 (s), 114.5 (s)) and formation of both cis- and trans- 2-
octene (characteristic 1H peaks: 5.43 (m, 2H): "C peaks: 131.1 (s) and 123.8 (s) for cis-, 132.0
(s) and 124.8 (s) for trans-)
Synthesis of [SiPPh3 ]Ni-H (3.6b). Under a dinitrogen atmosphere, H[SiPPh3] (40 mg, 49 pmol)
and Ni(COD) 2 (13 mg, 49 ptmol) were dissolved in around 5 mL C6H6 and stirred at room
temperature until the initial clear, yellow solution turned orange and then brown-yellow.
Volatiles were removed under vacuum and the remaining sample was washed with minimal
C6H6 and Et2O to yield a yellow solid. Though we have not yet been able to obtain
spectroscopically and analytically pure compound, the major species observed in the 'H and "P
NMR spectra has an upfield 'H resonance with a chemical shift and 2JH-P consistent with
analogous [SiPR7 ] Pt hydrides previously reported.7 and corresponds to the product obtained in
the deprotonation of {[SiPPh3]Ni-H 2} {BAr } with triethylamine (vide infra). 'H NMR (C6 D6 , 6):
8.54 (d, J= 8 iz, 3H), 7.36 (m, 6H), 7.23 (br s, 12H), 7.05 (m, 3H), 6.73 (m, 6H), 6.58 (m, 12H),
5.36 (q, 2H = 36 Hz, 1H). "'P{H} NMR (C6D6, 6): 62.1 (s). IR (C6H6, Cm-): 1736 (vNi-H).
Reaction of [SiPPh 3JNi-H with 1-octene. Under a dinitrogen atmosphere, 5 imol [SiP Ph3]Ni-H
in C6D was added to a J. Young tube, resulting in an orange solution. One equivalent of I -
octene in C6D6 was added with no visible color change. After one day at 60 'C in the sealed tube,
the major Ni-containing species was still [SiPPh3]Ni-H, with a 31P chemical shift of 62.1 ppm; a
new species had also grown in, with a "'P chemical shift of 33.9 ppm. The 'H spectrum showed
complete consumption of I-octene (characteristic 1H peaks: 5.01 (m. 1H), 5.79 (m, IH) and
formation of both cis- and trans- 2-octene (characteristic 'H peaks: 5.43 (m, 2H))
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4.1 Introduction
A nickel tris(phosphine)borane complex, (TP'i'B)Ni (TPiPrB (2-'Pr2PC6H4) 3B), has
been reported by Bourissou and coworkersIa and can be regarded as isostructural and valence
isoelectronic to the [SipiPr 3]Ni+ fragment studied by our group.2 Though the nickel boratrane is
formally a compound of nickel(O), the coordination of a Lewis acidic Z-type borane ligand can
be considered an oxidation of the metal center by the two electrons required to form the Ni-B
interaction (Scheme 4.1).3 The extent of the transfer of electrons from metal to borane, and thus
its oxidation state and d-electron count, is the subject of much debate centered on the question of
whether the newly formed bonding orbital should be considered to be of predominantly metal or
ligand character. These assignments are often informed by the relative electronegativities of the
metal in comparison to that of boron (2.0 on the Pauling scale). However, this analysis results in
ambiguity when considering the analogous boratranes of a transition metal group whose
electronegativities lie on both sides of boron; for example, the Pauling electronegativities for
nickel, palladium, and platinum are 1.91, 2.20, and 2.28, respectively.
7z
M 
tM
Scheme 4.1. Molecular orbital depiction of the interaction between a metal and a Lewis
acidic ligand. Figure from reference 3.
Previous work in our laboratory has demonstrated that iron boratrane complexes enable
N 2 binding and activation chemistry both similar and complementary to that of the analogous
iron [SiPR3] complexes.4' 5 The platinum and palladium boratranes, (TP'PrB)Pt and (TP'r B)Pd,
have also been reported,' and their structural and electronic similarity to the trigonal pyramidal
{[SipiPr3 ]Pt}± and {[SjpiPr3]Pd}+ 6, 7 prompted us to consider whether the nickel boratrane
congeners would likewise exhibit the N2 and H2 binding affinities demonstrated for
{[SiP'r 3]Ni}+. 2 , 8
The reactivity of (TP'PrB)Ni to N 2 and H2 had not been detailed in the literature, and its
reported synthesis and characterization were performed under an argon atmosphere; we were
therefore interested in exploring this reactivity in order to contextualize the chemistry described
in Chapter 3. We surmised that the neutral (TP'PrB)Ni species should be appreciably less
electrophilic than [SiiPr3]Ni*, and therefore might not show a similarly strong affinity for H 2 and
N2 if a-donation indeed dominates the binding interaction in the cationic systems. We also
sought to synthesize the related phenyl-substituted borane ligand, (TPPhB), and study the
characteristics and reactivity of its nickel complexes, as the move from isopropyl substituents to
less electron-rich phenyl substituents has been shown to have significant effects on the properties
of the related [SiPR3] group 10 metal compounds.
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4.2 Results and Discussion
4.2.1 Reactivity of (TpiPr B)Ni toward Dinitrogen and Dihydrogen
L
, P'Pr 2  I -.P'Pr 2P'Pr2-Ni...piPr 2  L = H2 , N2  P'Pr2-Ni'
,,, B .. B--.-
1 atm, RT
benzene
adduct species
not detectable
Scheme 4.2. Reactivity of (TPiPrB)Ni toward N 2 and H2.
The reported synthesis of (TP'IPB)Ni was accordingly performed under an N2 atmosphere,
and the resulting dark-blue compound exhibits 'H and 3 1P{'H} NMR spectra (Figure 4.1) that
match those reported in the literature for the four-coordinate (TP'i'B)Ni synthesized under argon.
The spectra of a freeze-pump-thawed solution remain the same. Additionally, no N-N stretching
frequencies were observed in the solid state IR spectrum, suggesting that, unlike the isoelectronic
[SiP'P 3]Ni+ fragment,2 (TPIerB)Ni does not bind N2 at room temperature (Scheme 4.2). Crystals
of (TP' 'B)Ni were grown under N2 at -35 'C to examine whether binding would occur at
reduced temperatures, as the N 2 ligand of [SiPiPr3]Ni+ was shown to rapidly exchange at room
temperature and only become fully bound upon cooling. However, the unit cell parameters of the
dark-blue crystals obtained were the same as those reported for crystals of (TPWr B)Ni. The
neutral charge of (TPiPrB)Ni, whether its nickel center is considered formally d8 or d'0 , should
render it both less electrophilic and a better back-bonder than the cationic, valence isoelectronic
[SjiPer3]Ni+. This relatively subtle change, however, is apparently enough to disfavor the binding
of N2 .
... ... . 
ii
)6.U b 6.0 515 5, 4 0 2 2. . 20
Figure 4.1. 'H (left) and P{ H} (right) NMR spectra
N 2 at room temperature.
of (TP'PB)Ni in C6D6 under 1 atm
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Only very slight shifts are seen in the room temperature 'H and 3"P{'H} NMR spectra
when an evacuated solution of (TPiPrB)Ni is exposed to one atmosphere of H2 (Figure 4.2).
However, the room temperature H spectrum lacks the resonance corresponding to free H2 in
solution, which prompted further investigation of this reaction. We hypothesized that, in analogy
to what is observed at room temperature for [SiP ' 3]Ni(H 2)+,2 the lack of a free H2 resonance in
the spectrum of (TPiPrB)Ni under H2 could indicate a weak, fluxional interaction between the
metal center and H2. The additional lack of a broad, upfield feature corresponding to a bound H2
moiety could point to an even weaker interaction in this case. Upon cooling, the VT 'H and
31P{lH} NMR spectra (Figures 4.3 and 4.4, respectively) exhibit changes that are distinct from
those of the VT spectra reported for (TP'i'B)Ni.1 Though the 31P{H} spectra indicate a
conversion to predominantly one new species below -60 'C, free H2 remains unobserved in the
1H spectra at all temperatures and no new resonances in the metal-dihydrogen/dihydride region
are discernable. The identity of the low temperature species has not yet been conclusively
determined, but is hypothesized to be a very weakly bound H2 adduct which is rapidly
exchanging with free H2 and whose 'H resonance is too broad to observe. At temperatures below
10 'C, three additional resonances are observed in the 31P{IH} spectra at about 47. 34, and 7
ppm, suggesting formation of one or more impurities with a dissociated ligand phosphine. The
presence of these three peaks at all temperatures below 10 'C, including temperatures at which
the resonance of the major species is completely broadened out. indicate that they correspond to
side products and are not part of an equilibrium involving the major species.
Figure ... 30 5 0 20
Figure 4.2. 'H (left) and "P{ 'H} (right) NMR spectra of (TP PrB)Ni in toluene-d8 under
1 atm N2 (top) and under I atm H2 (bottom). The arrow indicates where the resonance of
free H2 in solution should occur.
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II10 *C
-10 *C
-30 *C
-50 OC
-70 *C
8.0 1 .0 C6.5 6.0 .6 5.0 4.5 4.0 3.5 3.6 2.. 2.0 L6 1.0 C.S 60 -5
Figure 4.3. VT 'H NMR spectra of (TPPrB)Ni in toluene-dg under I atm H2 . The arrow
indicates where the resonance of free H2 in solution should occur. The most upfield
resonance at -70 'C corresponds to a ligand methyl group. These spectra exhibit no
additional upfield peaks.
25*C
10 *C
-10 *1C
-20 *C
-30 0C
-40 *C
-50 *C
-60*C -,
-70 *C
SS 50 45 40 36 30 2S 20 15 10 5 3
Figure 4.4. VT 3 1P NMR spectra of (TPPrB)Ni in toluene-d8 under I atm H2 .
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4.2.2 Reactivity of (TPPhB)Ni toward Dinitrogen and Dihydrogen
In light of the observed, though uncharacterized, interaction between (TP'PB)Ni and H2,
we conjectured that moving to the more electrophilic, phenyl-substituted borane ligand might
result in a nickel complex that would interact more strongly with N 2 and H2 . Accordingly,
(TP PhB) was reacted with Ni(COD)2 in order to access the analogous neutral, four-coordinate
(TP'P'B)Ni (Scheme 4.3).
L
.OPPh2 1 ,0PPh2
THF Ph2P--NiP L = H2, N2  Ph 2P-Ni IPPh2
(TPPhB) + Ni(COD) 2  -OW B---. , B
RT I atm, RT[. J benzene
L = N2 (4.1)
L = H2 (4.2)
Scheme 4.3. Synthesis and reactivity of neutral. four-coordinate (TPPhB)Ni.
The 3 1P{H} NMR spectrum of the resulting dark brown species exhibits only one
resonance at 33.0 ppm, indicating the formation of a single phosphorus-containing species in
which all phosphines are equivalent (Figure 4.5). For comparison, the 3 1P chemical shifts of free
(TPPhB) and (TP'P'B) appear at -9.3 and 4.9 ppm, respectively, while that of the four-coordinate
(TP' B)Ni is shifted upfield to 35.0 ppm. The single 3P resonance observed for the reaction
product is thus most consistent with the formation of either the targeted four-coordinate
(TPh B)Ni or a very closely related three-fold symmetric species, though we have not yet been
able to obtain structural characterization. To facilitate discussion of this species and its reactivity,
this three-fold symmetric nickel complex of (TP B) will be referred to as compound 4.1.
Figure 4.5. 31P{ H} NMR spectrum of 4.1 taken in CD 6 .
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The 1H NMR spectrum of this compound exhibits an extraneous set of aryl resonances
whose relative integrations, with respect to those assigned to 4.1, vary between batches (Figure
4.6). This points to the presence of a non-phosphorus-containing reaction side product, most
likely arising from decomposition of (TPPhB) during the course of the reaction. While we have
not yet been able to obtain spectroscopically clean samples of 4.1, the impurity appears inert to
the reaction conditions described below, and we do not believe its presence changes the
substance of our analysis and interpretation.
*
7,7 .6 ;S7.5 4 7. 7. 1 .0 6.9 6.8 67 66 61
Figure 4.6. Two 1H NMR spectra of samples of 4.1 containing different amounts of the
unidentified, non-phosphorus-containing impurity, whose peaks are marked with a "*"
symbol.
The IR spectrum of a solid sample of 4.1 exhibits a peak at 2187 cm' (Figure 4.7; 2192
cm- in C6H6, see Appendix D). This distinctive stretching frequency suggests the presence of a
terminally bound dinitrogen molecule, and is in line with the values observed for the confirmed,
weakly activated N2 adducts of the related cationic complexes {[SipiPr3]Ni-N 2} {BArF4 } and
{[SiPPh 3]Ni-N 2}{BArF4} (2223 and 2234 cm', respectively). 2 This points to a formulation of 4.1
as the three-fold symmetric N2 adduct (TP PB)Ni(N2). Additional evidence of the coordination of
N2 is seen upon comparing the 1H and 31p{ 1H} NMR spectra of 4.1 under an N2 atmosphere with
those obtained for a sample under vacuum (Figure 4.8, a/d and c, respectively). A freeze-pump-
thawed sample of 4.1 in C6D6 remains dark brown and exhibits a sharp 3 1P resonance that has
shifted slightly upfield to 25.4 ppm. Additional, subtle changes are seen in the 'H NMR spectrum,
while the resonances attributed to the unidentified impurity remain the same. This new species is
presumably the four-coordinate complex (TPPhB)Ni. Re-exposure of the evacuated sample to an
N2 atmosphere results in regeneration of the spectroscopic features of the putative N2 adduct 4.1.
The phenyl-substituted ligand thus seems to impart enough of an electronic change to its nickel
compound to enable the binding of N2 at room temperature.
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Figure 4.7. IR spectrum of a solid sample of 4.1 in KBr.
Upon addition of 1 atm H2 to the evacuated sample, both the 'H and "P{'H} NMR
spectra indicate the formation of new species with a 31P chemical shift of 37.6 ppm. Additional
changes are apparent in the 'H NMR spectrum, where the impurity is again unchanged. (Figure
4.8, b). However, as in the (TP"B)Ni system, the resonance corresponding to free H2 in solution
is not detected. This suggests the formation of either a three-fold symmetric dihydrogen adduct
or a nickel dihydride complex whose conformational fluxionality renders all three phosphines
equivalent. In light of the related [SiPR3] nickel dihydrogen adducts, we favor the former
assignment and formulate this species as the neutral dihydrogen adduct (TP PhB)Ni(H 2) (4.2),
whose rapidly exchanging H2 ligand results in a 'H resonance too broad to observe. Very small
orange crystals were grown from this sample, but were not of sufficient quality to enable
structural determination.
**
*b **
(H2)
* C
A *.0* (vac)
;20 00 50 40 .0 20 10 0
AO 7 ? 7.6200 7 45 7.1 0 X iO .; X0 6 .; 5 0 fm &
Figure 4.8. H (left) and 31P{ 'H} (right) NMR spectra of 4.1 sequentially under 1 atm N2 (a),
under 1 atm H2 (b), under vacuum (c), and under 1 atm N2 (d). Spectra taken in C6 D6 at room
temperature. Peaks marked with a "*" symbol correspond to the unidentified, non-
phosphorus-containing impurity, which remain the same in all spectra.
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4.2.3 Theoretical Calculations of (TPRB)Ni Dinitrogen and Dihydrogen Adducts
As structural confirmation and full spectroscopic characterization of these species have
remained elusive, we turned to theoretical methods in order to probe the N 2 and H2 interactions
of these complexes and examine them in the context of their calculated [SiPR3] nickel
counterparts.
The optimized structure of (TPPrB)Ni(N 2) (Figure 4.9, top) features a Ni-N distance of
1.120 A, while a similar distance of 1.119 A was calculated for 4.1 (Figure 4.9, bottom). The
calculated Ni-N distances are 1.847 and 1.845 A, respectively. The similarity of these metrical
parameters is at odds with the experimentally observed disparity between the N2 binding
affinities of these two nickel centers. Additionally, the calculated Ni-N distances of are slightly
longer than those of their respective {[SiPR3]Ni(N2)}+ analogues, in contrast to our expectation of
stronger N 2 binding due to increased 7r back-bonding from the neutral (TPRB) nickel centers.
The minimized structures of (TPiPrB)Ni(H 2) (Figure 4.10, top) and 4.2 (Figure 4.10,
bottom) feature similar H-H bond lengths of 0.804 and 0.809 A, respectively, while the average
Ni-H distances are 1.661 and 1.674, respectively. Though the difference in the Ni-H distances is
slight, the longer distance calculated for (TPPhB)Ni(H 2) is inconsistent with the observation of its
stronger interaction with H2 . The (TPRB)Ni-H distances are longer than those of the calculated
[SiPR3]Ni(H 2) adducts, which is consistent with a much weaker affinity of the (TPRB) nickel
complexes toward dihydrogen.
N
I,
N
1 18.*Ni-P
P
B
N
N
PS...1, Ni 227P
P
B
Figure 4.9. DFT minimized structures and selected bond lengths (A) and angles (0) of
(TPiUB)Ni(N 2 ) (top) and (TPPhB)Ni(N 2) (4.1, bottom). Ligand hydrogen atoms omitted
for clarity.
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Figure 4.10. DFT minimized structures and selected bond lengths (A) and angles (*) of
(TplPrB)Ni(H 2) (top) and (TPPhB)Ni(H 2) (4.2, bottom). Ligand hydrogen atoms omitted
for clarity.
As another method of probing the interactions in these neutral (TPRB) nickel systems, the
N2 and H2 binding energies in these complexes were additionally examined through DFT
calculations of the energy differences between the optimized adducts and their constituent
components, i.e. the four-coordinate (TPRB)Ni species and the free N2 and H2 molecules. These
calculations, while simplistic, provide association energies that agree qualitatively with the
experimental observations (Table 4.1). The (TPiPrB)Ni moiety is not predicted to bind either N2
or H2; this is borne out in the isolation of only the four-coordinate (TPPrB)Ni under N2, even at
low temperatures, and in line with its very weak, uncharacterized interaction with H2. The more
electrophilic (TP PB)Ni, on the other hand, is predicted to exhibit favorable binding of both N2
and H2, consistent with the observed formation of adducts 4.1 and 4.2.
Table 4.1 Calculated association energies of (TPRB) nickel N2 and H2 adducts.a
Association Energy Association Energy
Complex Symmetry (a.u.) (kcal/mol)
(TpiPrB)Ni(N 2) C3 0.012685 7.9598
(TPJPrB)Ni(H 2) C1 0.007426 4.6596
(TP hB)Ni(N2) C3 -0.008565 -5.3744
(TPFhB)Ni(H 2) C1 -0.002571 -1.6134
a B3LYP/6-31G(d) for geometry optimization and frequency calculations,
6.31 1+G(d,p) for energy calculations.
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4.3 Conclusion
The neutral nickel boratrane complexes (TP'P'B)Ni and (TPPhB)Ni, while valence
isoelectronic to their respective cationic [SiPR3] nickel analogues, are shown to have much
weaker interactions with N2 and H2. This may stem from their being weak enough back-bonders
to move them out of the regime where 7c back-bonding dominates the binding of N2 and H2 ,
while at the same time insufficiently electrophilic to enable contribution from a-donation to the
degree observed in the cationic [SiPR3] nickel complexes. Between the two nickel boratranes,
however, the impact of the increased electrophilicity imparted by the phenyl-substituted ligand is
reflected in its stronger interactions with N2 and H2.
4.4 Experimental Section
4.4.1 General Considerations
All manipulations were carried out using standard Schlenk or glovebox techniques under
an atmosphere of dinitrogen. Solvents were degassed and dried by sparging with N2 gas and
passage through an activated alumina column. Deuterated solvents were purchased from
Cambridge Isotopes Laboratories, Inc. and were degassed and stored over activated 3 A
molecular sieves prior to use. Reagents were purchased from commercial vendors and used
without further purification unless otherwise noted. (TPeWrB)Ni,la was synthesized according to
literature rocedures. The (TP PhB) ligand used was donated by a labmate, who developed its
synthesis.
4.4.2 Spectroscopic Measurements
'H, and 31P NMR spectra were collected at room temperature, unless otherwise noted, on
Varian 300 MHz, 400 MHz, and 500 MHz NMR spectrometers. 'H spectra were referenced to
residual solvent resonances. 31p spectra were referenced to external 85% phosphoric acid (6 = 0
ppm). IR measurements were obtained in KBr pellets using a Bio-Rad Excalibur FTS 3000
spectrometer with Varian Resolutions Pro software.
4.4.3 DFT Calculations
All calculations were performed using the Gaussian03 suite. 10 The geometry
optimizations were done without any symmetry restraints at the DFT level of theory using the
B3LYP hybrid functional. The 6-31G (d) basis set was used for all atoms. The full ligand was
used for each calculation, and the minimized structures were verified with frequency calculations.
The starting coordinates for the metal and ligand were taken from the reported crystal structure
for (TP B)Ni, and from the minimized coordinates of {[SiPPh3]Ni}* for (TP PhB)Ni; hydrogen
atoms were placed in the apical binding site at an arbitrary initial distance of 1.5 A from the
metal and 0.9 A from each other. Single point calculations were performed on the optimized
structure using the 6-311 +G(d,p) basis set to obtain the energies used in the calculation of
association energies; the energy corrections obtained from the frequency calculations were added
to these energies.
4.4.4 Syntheses
Synthesis of (TP B)Ni(N 2) (4.1). Under a dinitrogen atmosphere, (TP B) (58 mg, 73 jmol)
and Ni(COD) 2 (24 mg, 89 imol) were dissolved in 5 mL THF and stirred at room temperature
overnight, resulting in a dark brown solution. Volatiles were removed, the remaining residue
dissolved in C6H 6 and filtered, and the filtrate lyophilized to afford a dark brown solid. 'H NMR
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(C6D6 , 6): 7.41 (d, J= 7.20 Hz, 3H), 7.29 (br s, 9H), 7.05 (t, J= 6.30 Hz, 6 H), 6.94 (t, J= 7.50
Hz, 6H), 6.88 (t, J= 6.90 Hz, 18H). 31P{l'H} NMR (C6D6 , 6): 33.0.
Synthesis of (TPPhB)Ni(H 2) (4.2). Under a dinitrogen atmosphere, a sample of (TPPhB)Ni(N 2)
was dissolved in C6 D6 to afford a dark brown solution. The solution was freeze-pump-thawed
three times, resulting in no visible change. 1 atm H 2 was added to the evacuated sample, which
was sealed and shook up with no visible change. Full conversion to the species whose spectra are
reported here occurs after sitting at room temperature for two days. 'H NMR (C6 D6 , 6): 7.50 (d, .1
= 7.20 Hz, 3H), 7.27 (br s, 9H), 7.09 (t. J= 7.20 Hz, 6 H), 6.91 (t, J= 7.20 Hz, 6H), 6.85 (t, J
7.50 Hz, 18H). P{ H} NMR (C6D6 , 6): 37.6.
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5.1 Introduction
Many H2-producing and -consuming reactions of economic and environmental
importance, including H* reduction,' H2 storage,2 and hydroformylation, utilize cobalt catalysts.
Non-classical dihydrogen adducts of cobalt are often postulated to be unobserved intermediates,
and the mechanisms of these reactions have been the subject of several investigations. 4 Three
proposed mechanisms for catalytic H" reduction are depicted in Scheme 5.1, all involving
protonation of a cobalt hydride to form a transient adduct of molecular hydrogen, which is
subsequently released. However, while there have been several reported examples of H2 adducts
of cobalt (Figure 5.1), these complexes have been thermally unstable and only characterized at
low temperature. 5 ,6
e-H
Co111H -e-- Co"H- --- Co"(H 2) Co" + H2  (1)
e^- Co"1H
Co"H* --- 0 Co H - Co"(H2 ) Co"l + H2  (2)
H*
Co01H -- C"(2* A CO"' * + H,2 (3)
Co"-
Scheme 5.1. Postulated mechanisms of homogeneous H1- reduction by cobalt catalysts. Charges
shown for bookkeeping purposes only and do not indicate specific compound charges.
Co(CO) 2(NO)(H 2)
Co(CO) 3( 2 )H -( , C
- LH(H
stereochemistry H
unknown 0-PtBu,
L = PMe?, P'(OMe),-
Figure 5.1. Previously reported dihydrogen adducts of cobalt.
While stable H2 adducts have not been obtained for homogeneous Co complexes with
hard donors, the recently reported S= 0 non-classical Co(H2) complex (pocop)Co(H2) (pocop =
K3-C6H3 1,3-[OP('BU) 2] 2)5, (Figure 5.1) features soft phosphine donors. Though the coordinative
unsaturation and electron-richness of this complex enable it to bind H2, these same features also
contribute to its thermal instability and further reactivity with more than one equivalent of [12.
We thus sought to explore whether H2 adducts could be stabilized on cobalt complexes of the
anionic, tetradentate [SiPR- ligand.' which features the requisite electron-rich phosphine donors
while providing only one open coordination site. Additionally, a neutral [SiPR3] cobalt(l) center
would be isoelectronic to the cationic group 10 complexes of this ligand that have been
demonstrated to stabilize adducts of weak a-donors, including H2 and N2, with minimal
activation via t back-bonding.
This chapter will present the synthesis and characterization of two thermally stable S = 0
dihydrogen adducts of [SiPR3] cobalt (1), one of which we have been able to structurally
characterize, and discuss comparisons to other [SiPR3] metal iHL2 adducts as well as to the related
S = (TPrB)Co(H2) complex, which was synthesized in our laboratory concurrently with this
work.9'1
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5.2 Results and Discussion
5.2.1 Cobalt Dinitrogen Adduct Synthons
We had observed in the case of the cationic [SiPR3] and neutral (TPRB) nickel complexes
that the identity of the ligand phosphine substituents modulated the strength of their interactions
with N2 and H2.11 We therefore sought to access to the H2 reactivity of both [SiiPr 3]Co and
[SiPPh3 ]Co through their respective dinitrogen adducts. The cobalt(II) chloride complexes,
[SiPR3 ]Co-Cl (R = iPr, 5.1a; R = Ph, 5.1b), and the cobalt(I) dinitrogen adducts, [SiPR3 ]CO(N 2)(R = iPr, 5.2a; R = Ph, 5.2b), were accordingly synthesized as previously reported by our
laboratory (Scheme 5.2).' In summary of the salient features of the previously published
dinitrogen adducts 5.2a and 5.2b (Figure 5.2, Table 5.1), we note that the Co-P distances found
for 5.2a are slightly longer than those of 5.2b, perhaps as a consequence of the increased steric
bulk of the isopropyl groups; additionally, the N-N stretching frequencies of 2063 and 2095 cm-1,
respectively, reflect the decreased activation of the N2 ligand bound to the less electron-rich,
poorer 71 back-bonding cobalt center of 5.2b. These N-N stretches are in line with the 2081 cm-1
reported for a trigonal bipyramidal N2 adduct of a cobalt altrane complex. 2
(SiPR3) + CoC 2
a: R = 'Pr
b: R= Ph
C6H6
xs NEt3
RT
Scheme 5.2.
5.1a, b rV
Syntheses of [SiPR3]CO-C
Na/Hg R2P
RT
1 and [SiPR3]Co(N 2).
Figure 5.2. Solid-state structure of 5.2a (left) and 5.2b (right). Thermal ellipsoids drawn
at 50% probability. Ligand hydrogen atoms omitted for clarity.
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Table 5.1. Comparison of selected
N-N (A)
Co-N (A)
N-N-Co ( )
N-Co-Si ()
Co-P (A)
P-Co-P (' )
Co-Si (A)
5.2a
1.123(3)
1.813(2)
177.868(15)
179.13(6)
2.2376(6)
2.2277(6)
2.2342(6)
117.48(2)
119.51(2)
118.01(2)
2.2327(6)
5.2.2 Access to Thermally Stable Dihydrogen Adducts of Cobalt(I)
While the N 2 ligands of both 5.2a and 5.2b are stable to vacuum in solution, exposure of
evacuated solutions of these N2 adducts to an atmosphere of H2 results in slow conversion to the
corresponding dihydrogen adducts, [SipiPr3]Co(H 2) (5.3a) and [SiPPh3]Co(H 2) (5.3b), over the
course of several hours at room temperature with agitation (Scheme 5.3). Dihydrogen adducts
5.3a and 5.3b are both orange and exhibit single, sharp 31P NMR resonances at 79.8 and 69.6
ppm, respectively, indicating a three-fold symmetric conformation in solution in both cases.
N2
I ,..PR2R2P-C_o '. D. H2
N2
hours at RT
5.2a, b N
Scheme 5.3. Syntheses of [Si
H2
' 1.PR2R2P-Co...
I PR 2
Si-..
5.3a, b
PR3]Co(H2).
These reactions can be monitored by their UV-visible spectra, which show negligible
change upon freeze-pump-thawing solutions of 5.2a and 5.2b (Figure 5.3 and 5.4, respectively,
red to green lines). Adding 1 atm H2 to a solution of 5.2a and agitating overnight results in a
slight shift of the absorption maximum to higher energy and a corresponding decrease in
absorptivity (Figure 5.3, green to blue lines). In analogy to the observed correlation between the
apical ligand binding strength and UV-visible absorption maxima of the related {[SiPPh3]Pt(L)}±
8b, 13 and {[SipR 3]Ni(L)}+ 8a, 14 complexes, the slightly higher-energy absorption maximum of the
H2 adduct 5.3a suggests slightly weaker binding of H2 to this cobalt center. In contrast, adding 1
atm H2 to 5.2b and generating 5.3b results in a more significant shift of the absorption maximum
to lower energy (Figure 5.4, green to blue lines), suggesting that in this case, H2 is bound more
strongly than N2 to the less electron-rich cobalt center. These relative binding strengths are the
opposite of what is observed for the N2 and H2 adducts of {[SiPR3]Ni}±. This may indicate that
N2 is a better ligand than H2 in systems with sufficient a back-bonding, though studies in the
literature have characterized the 7t-accepting ability of H2 as comparable to that of N2.'i
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5.2b
1.130(11)
1.786(6)
178.24(27)
175.98(8)
2.1901(5)
2.1838(5)
2.1811(5)
120.74(2)
118.54(2)
114.95(2)
2.2328(5)
bond lengths and angles of 5.2a and 5.2b.
The 1H NMR spectrum of 5.3a features a resonance at -7.78 ppm that integrates to two
hydrogens and corresponds to the bound dihydrogen ligand. The intact nature of this H2 moiety
is evidenced by its short minimum spin-lattice relaxation time of 29 ms (-30 *C, 500 MHz) as
well as the large H-D coupling of 30 Hz in the labeled analogue [SjiP"r 3]Co(HD) (5.3a') (Figure
5.5, left). 16 Similarly, the H2 ligand of 5.3b resonates at -6.22 ppm in the 1H NMR spectrum and
exhibits a T1(min) of 26 ms (10 'C, 500 MHz), and the H-D moiety in the labeled [SiPPh3]Co(HD)
(5.3b') also has a coupling constant of 30 Hz (Figure 5.5, right), indicating the short H-H
distance of an intact dihydrogen molecule. For context, the H-H distance of 0.74 A in free H2
corresponds to an H-D coupling of 43 Hz, while the more weakly bound H2 ligands in the related
cationic [SiPR3]Ni exhibit H-D coupling in the range of 33-35 Hz.sa, 14
1*
0.9
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0
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wavelength (nm)
Figure 5.3. UV-visible spectra of 5.2a under 1 atm N2 (top,
three freeze-pump-thaw cycles (middle, green), and under
overnight to form 5.3a (bottom, blue).
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Figure 5.4. UV-visible spectra of 5.2b under I atm N2 (top,
three freeze-pump-thaw cycles (middle, green), and under
overnight to form 5.3b.
red), under vacuum after
1 atm H2 after stirring
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1JH-D = 30 Hz
1JH-D = 30 Hz
FH
1.0 -12.5 -13.0 -13.5 -. -65 -1.0
Figure 5.5. Upfield region of the H NMR spectra of 5.3a' (left) and 5.3b' (right).
The 1H NMR spectra of 5.3a' and 5.3b', generated under an atmosphere of HD, contain
both a 1:1:1 three-line pattern corresponding to the HD resonance and a singlet corresponding to
the H2 resonance, which is shifted slightly downfield from and partially overlaps with the middle
of the three-line pattern; the combination of these two signals results in an asymmetric pseudo-
triplet (Figure 5.5). The presence of both HD and H2 indicates that activation and scrambling of
the dihydrogen ligand occurs at these cobalt centers. While oxidative addition of the H2 ligand to
form a cobalt(III) dihydride is one possible intermediate, an alternative mechanism could involve
reversible activation of the H2 ligand across the Co-Si bond, in analogy to the equilibria observed
for related nickel di- and tri-phosphine borane systems. 17'8 Additionally, this scrambling could
also occur through reversible deprotonation of the activated H2 moiety to form the monohydride,
as has been demonstrated in the related {[SiPR3]Ni(H2)}± system.sa
Both H2 adducts are indefinitely stable in solution under an H2 atmosphere, but exposure
to an N2 atmosphere results in reversion to the N2 adducts over the course of days at room
temperature. Additionally, and in contrast to the previously reported examples of cobalt H2
adducts, the H2 ligands in these cobalt(I) complexes are coordinated strongly enough to remain
bound in solution under vacuum at room temperature. This thermal stability is likely imparted
both by the electron-richness of the triphosphine-ligated cobalt centers, which back-bond
strongly to the H2, as well as by the steric and geometric properties of the tetradentate [SiPR 3]
ligands, which offer no additional binding sites to decomposition pathways that require one.
The stability of these H2 adducts further enabled us to obtain high-quality X-ray
diffraction data for a crystal of 5.3a grown by letting a sample sealed under an atmosphere of H2
sit at room temperature. The solid-state structure of 5.3a (Figure 5.6; Table 5.2, left) has Co-P
distances that are slightly shorter than those in the corresponding N2 adduct 5.2a. While we were
unable to locate and model the discrete hydrogen atoms, the map of the residual electron density
featured a globular disc of positive electron density in the apical coordination site centered at
about 1.57 A from the cobalt center (Figure 5.7). Though the crystal was cooled under an N2
stream during X-ray data collection, these parameters are inconsistent with partial substitution by
an apical N2 ligand. They are, however, consistent with the presence of a disordered or rapidly
rotating H2 ligand. Additional positive residual electron density is observed mainly at the
midpoint of the aryl C-C bonds of the ligand, which is common in high-quality data sets and
reflects the fact that the electrons in these covalent bonds are shared between, and not localized
at, the substituent atoms. We have unfortunately not yet been able to obtain crystals of 5.3b.
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Figure 5.6. Solid-state structure of 5.3a. Thermal ellipsoids drawn at 50% probability.
Hydrogen atoms are omitted for clarity.
Figure 5.7. Positive residual electron density contours of 5.3a drawn at +0.47 e-A 3 .
Table 5.2. Comparison of selected bond lengths and angles of 5.3a and (TPiPrB)Co(H 2).
5.3a
Co-P (A)
P-Co-P (0 )
Co-Si/B (A)
(TP''rB)Co(H2)
2.1933(2)
2.2027(2)
2.2029(2)
119.58(1)
119.11(1)
117.52(1)
2.2048(3)
2.2277(6)
2.2342(7)
2.2376(6)
119.51(2)
118.01(2)
117.48(2)
2.2327(7)
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The related S = /2 cobalt H2 adduct (TP'I'B)Co(H 2), which has one less valence electron
than 5.3a, was also crystallographically characterized.' 0 A comparison of the respective metrical
parameters is shown in Table 5.2, and highlights the increased Co-P distances in the
paramagnetic (TP PrB)Co(H 2). The residual electron density maps of the X-ray diffraction data of
(TPiPrB)Co(H 2) and the related [SiP 3]Fe(H 2)19 both exhibit features similar to those depicted
above for 5.3a (see Appendix E).
In contrast to the isoelectronic {[SiPR3]Ni}+ system, in which the room temperature N2
and H2 binding strengths and equilibria were shown to depend on the ligand substituents, the N2
and H2 binding of both [SiPipr3]Co and [SiPPh3]Co lie to completion under I atm of the respective
gas and the adducts are not labile to vacuum in solution. The impact of the electronic properties
of the ligand on N2 and H2 binding strength is thus seen to be muted when the metal center is
sufficiently electron-rich that n back-donation dominates its interactions with these ligands.
5.2.3 Theoretical Calculations of Dihydrogen and Dihydride Isomers
Though the spectroscopic parameters obtained for 5.3a and 5.3b point to their containing
an intact dihydrogen ligand, their observed ability to scramble bound HD adducts suggests the
accessibility of an isomer in which the dihydrogen bond has been broken. We thus turned to
theoretical methods in order to explore the relative energies of 5.3a, 5.3b, and their cobalt(IllI)-
dihydride isomers. The DFT minimized structure of the dihydrogen isomer of 5.3a reproduces
the experimentally observed metrical parameters fairly well (Figure 5.8, top left; Table 5.3);
most significantly, the three P-Co-P angles of this isomer are predicted to very similar to each
other. A minimum was also found for a cis- dihvdride isomer that lies only 0.21 kcal/mol above
the dihydrogen isomer (Figure 5.8, top right). However, this structure features one P-Co-P angle
that has widened to 1310 to accommodate the equatorial hydride ligand. As the widest P-Co-P
angle in the experimentally obtained structure is 119.58(1)', this suggests that the ground state
species observed in the solid-state is the dihydrogen adduct, though the dihydride may be
thermally accessible.
The minimized structure of the dihydrogen isomer of 5.3b also exhibits roughly equal P-
Co-P angles (Figure 5.8, bottom left; Table 5.3), while there is an even larger disparity in these
angles in the calculated dihydride isomer (Figure 5.8, bottom right; Table 5.3). The minimized
dihydride isomer was found to be even closer in energy to the minimized dihydrogen isomer,
with an energy difference of 0.13 kcal/mol. As we have not yet been able to crystallize 5.3b, we
cannot speak to its solid-state conformation and assignment; however, the spectroscopic
parameters of both 5.3a and 5.3b indicate that even if the dihydride isomers are accessible, the
dihydrogen adduct isomers predominate in solution.
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Figure 5.8. DFT minimized structures of the dihydrogen (left) and dihydride (right) isomers of
5.3a (top) and 5.3b (bottom). Ligand hydrogens omitted for clarity.
Table 5.3. Comparison of experimental
isomers) bond lengths and angles for 5.3a.
and calculated (dihydrogen and dihydride
5.3a exper. 5.3a (dihydrogen) 5.3a (dihydride)
calc. calc.
Co-P (A) 2.1933(2) 2.22 2.20
2.2027(2) 2.23 2.26
2.2029(2) 2.24 2.27
P-Co-P (0) 119.58(1) 122 131
119.11(1) 118 113
117.52(1) 117 112
Co-Si (A) 2.2048(3) 2.23 2.25
Co-H (A) 1.56 1.46
1.59 1.52
H-H (A) 0.89 1.79
Rel. energy (kcal/mol) 0 0.21
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Table 5.4. Comparison of
and angles for 5.3b.
calculated (dihydrogen and dihydride isomers) bond lengths
5.3b (dihydrogen) 5.3b (dihydride)
calc. calc.
Co-P (A) 2.19 2.18
2.19 2.18
2.20 2.22
P-Co-P (0) 121 142
120 110
116 108
Co-Si (A) 2.23 2.21
Co-H (A) 1.594 1.48
1.577 1.54
H-H (A) 0.86 2.28
Rel. energy (kcal/mol) 0 0.13
5.2.4 Comparisons to Related Trigonal Bipyramidal Metal Dihydrogen Adducts
The set of structurally and electronically related trigonal bipyramidal metal H2 adducts of
the [SiP 3] and (TPB) ligands shown in Table 5.5 enables us to make some general interpretations
of the relative H2 binding strengths of these {M-E} 9 and {M-E}10 units. In contrast to the
stability to vacuum of the N 2 and H2 adducts of [SiPR3]Co, both the N 2 and H2 adducts of the
related (TP'P'B)Co system are not only labile to vacuum, but are in equilibrium with the vacant,
four-coordinate cobalt species. This highlights the fact that, while formally a cobalt(0) center, the
Z-type borane ligand to which it is bound renders it significantly electrophilic. The weaker N 2
and H2 binding in this system is therefore presumably due to its decreased ability to 7c back-bond.
In the {[SiPR3]Ni}+ system, which is valence isoelectronic with neutral [SiPR3]CO, this decreased
ability to n back-bond is shown to be mitigated by an increased ability to bind a-electron density
imparted by its cationic charge. [SiP 3]Fe(H 2), which is valence isoelectronic to (TPePrB)Co(H 2),
features a much more strongly bound H2 ligand which is stable to vacuum. Taken together, these
properties demonstrate the sensitivity of a metal's N 2 and H2 binding affinities to both the charge
of the molecule and the nature of the {M-E} unit,
Table 5.5. Isostructural trigonal bipyramidal transition metal H 2 adducts.
d7 or {M-E} 9  d" or {M-E}
H2 not labile to vacuum [SiPPr3]Fe(H 2) a [SpPr3]CO(H2)
[SiPPh3]Co(H 2)
H2 labile to vacuum (TPPrB)Co(H2) e { [SiPIPr3]Ni(H 2)}+ a'J
I_______ I__ f{[SiPPh3]Ni(H 2)} ±d e
a Reference 19. b This work. c Reference 9. d Reference 8a. e
Equilibrium H2 binding under I atm H2 at RT. f Full H2 binding under
1 atm H2 at RT.
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5.3 Conclusion
We have shown that thermally stable dihydrogen adducts of cobalt are accessible with the
right choice of ligand. The [SiPR 3]Co(H 2) complexes were confirmed through NMR
spectroscopic parameters to have intact, molecular H2 ligands. These H2 adducts are
demonstrated to be stable even under vacuum, in contrast to what is observed for the
isostructural and, in the latter case, isoelectronic (TPPrB)Co(H 2) and {[SiPR3]Ni(H 2)}+
complexes. The solid-state structure of [SiPIP!3]Co(H 2) represents one of the first examples of a
crystallographically characterized H2 adduct of cobalt.
5.4 Experimental Section
5.4.1 General Considerations
All manipulations were carried out using standard Schlenk or glovebox techniques under
an atmosphere of dinitrogen. Solvents were degassed and dried by sparging with N2 gas and
passage through an activated alumina column. Deuterated solvents were purchased from
Cambridge Isotopes Laboratories, Inc. and were degassed and stored over activated 3 A
molecular sieves prior to use. Reagents were purchased from commercial vendors and used
without further purification unless otherwise noted. [SiP 3 ]Co-N 2' was synthesized according to
literature procedures.
5.4.2 Spectroscopic Measurements
H, "C, and 'P NMR spectra were collected at room temperature, unless otherwise noted,
on Varian 300 MHz, 400 MHz, and 500 MHz NMR spectrometers. 1 IH and I3C spectra were
referenced to residual solvent resonances. 31P spectra were referenced to external 85%
phosphoric acid (6 = 0 ppm). T1min values were determined by fitting the pulse-recovery 1IH
spectra at various temperatures using the T! calculation protocols in either Varian's VnmrJ
software or Mestrelab Research S. L.'s Mestrenova version 6.2.1. IR measurements were
obtained in KBr pellets using a Bio-Rad Excalibur FTS 3000 spectrometer with Varian
Resolutions Pro software.
5.4.3 X-ray Crystallographic Details
X-ray diffraction studies were carried out at the Caltech Division of Chemistry and
Chemical Engineering X-ray Crystallography Facility on a Bruker three-circle SMART
diffractometer with a SMART 1K CCD detector. Data were collected at 1OOK using Mo Ka
radiation () = 0.71073 A). Structures were solved by direct or Patterson methods using SHELXS
and refined against F2 on all data by full-matrix least squares with SHELXL-97.20 All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms were placed at geometrically
calculated positions and refined using a riding model. The isotropic displacement parameters of
all hydrogen atoms were fixed at 1.2 (1.5 for methyl groups) times the Ueq of the atoms to which
they are bonded.
5.4.4 DFT Calculations
All calculations were performed using the Gaussian03 suite. 21 The geometry
optimizations were done without any symmetry restraints at the DFT level of theory using the
B3LYP hybrid functional. The 6-31G(d) basis set was used for all atoms. The full ligand was
used for each calculation, and the minimized structures were verified with frequency calculations.
The starting coordinates for the metal and ligand were taken from the crystal structures. To
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model H2 adducts, hydrogen atoms were initially placed in the apical binding site at an arbitrary
initial distance of 1.5 A from the metal and 0.9 A from each other. To model dihydrides,
hydrogen atoms were initially placed orthogonal to one another (one in the apical site and one
bisecting a P-M-P angle) at a distance of 1.4 A from the metal.
5.4.5 Syntheses
Note concerning the lack of combustion data for the dihydrogen adducts 5.3a and 5.3b. The
cationic dihydrogen adducts 5.3a, 5.3b, in addition to their HD analogues, can be generated
cleanly according to NMR spectroscopy by the methods described below; however, exposure to
an N2 atmosphere results in slow formation of the corresponding dinitrogen adducts, rendering
combustion analysis performed under an N 2 atmosphere unreliable.
Synthesis of [SiP 3]Co(H 2) (5.3a). Under a dinitrogen atmosphere, [SiPiP' 3]Co-N2 (12 mg, 17
Rmol) was dissolved in toluene-d8 , transferred to a J. Young tube, and sealed. The sample was
freeze-pump-thawed three times, then exposed to one atm H2 while frozen. No visible change
occurred upon thawing the sealed tube. The reaction is complete after 5 day at room temperature,
without agitation; the solution remains orange. The H2 adduct remains intact through three
freeze-pump-thaw cycles, as well as 1.5 hours under static vacuum in solution. Exposure to an
N2 atmosphere, however, results in gradual displacement of the H2 and reversion to the starting
N2 adduct. As such, elemental analysis was not performed. Single crystals were grown by slow
concentration of a benzene solution. 11 NMR (toluene-d8 , 6): 8.10 (d, J= 7 Hz. 3H), 7.23 (m,
3H). 7.20 (m, 3H), 7.05 (n, 3H), 2.22 (br s. 6H), 0.94 (s, 18H), 0.49 (br s, 18H), -7.78 (br s,
Co(1 2), 2H). Tu(min) (-30 'C, 500 MHz)= 29 ins. 13C{H} NMR (toluene-dg, 6): 157.2 (m), 147.9
(m), 132.4 (m), 128.5 (s), t27.7 (s, partially overlapping with solvent peak), 126.4 (s), 28.1 (br s).
19.2 (s), 18.7 (s). "P{ HI} NMR (toluene-d8, 6): 79.8 (s).
Synthesis of [SiP r3 ]Co(HD) (5.3a'). A sample of [SiPi't3]Co(N 2 ) (8 ig, i I pmol) dissolved in
toluene-d8 in a J. Young tube was freeze-pump-thawed three times, then exposed to ca. 1 atm
11D (generated from the reaction of excess LiAIlI 4 and D2O) while frozen. Upon thawing in the
sealed tube and sitting at room temperature for 5 days, the solution remains orange and the NMR
spectra show complete conversion to the HD adduct, 1H NMR (toluene-d8 , 6): 8.10 (d, J 6 Hz,
3H), 7.23 (m, 3H). 7.20 (m, 3H), 7.05 (m, 314). 2.22 (br s, 6H). 0.94 (s. 18H), 0.49 (br s, 18H), -
7.80 (dt, 'JHD = 30 Hz, 2 JH = 6 Hz. Co(JID), I Hy 31 p fI_ NMR (toluene-d8. 6): 79.0 (s).
Synthesis of [SiPPh3]Co(H 2) (5.3b). Under a dinitrogen atmosphere, [SipPh 3]Co-N 2 (5 mg, 9
pmol) was dissolved in toluene-ds with minimal THF, transferred to a J. Young tube, and sealed.
The yellow-orange sample was freeze-pump-thawed four times, then exposed to one atm H2 . No
visible change occurred upon introduction of H2 . The tube was rotated at room temperature
overnight to afford clean transformation to a yellow-orange solution of [SiPPh3 ]Co(H]2 ). 'H NMR
(C6 D, 6): 8.30 (d. .J= 7.20 Hz, 311), 7.27 (t, J = 7.40 liz, 3H), 7.21 (br s, 12H), 6.98 (t. J= 7.60
Hz, 6H), 6.82 (t, J = 7.20 Hz, 611), 6.71 (t, J = 7.40 Hz, 12H), -6.22 (s, Co(H2 ), 2H). TI(min)
(10 *C, 500 MHz) = 26 ins. 3 1P 1H} NMR (toluenc-ds/THF, 6): 68.6 (s).
Synthesis of ISiPPh3 ]Co(IID) (5.3b'). Under a dinitrogen atmosphere, ISiP 3]Co(N 2) (5 mg, 9
pmol) was dissolved in toluene-d8 with minimal TIF, transferred to a J. Young tube. and sealed.
The yellow-orange sample was freeze-pump-thawed four times, then exposed to ca. 1 atm HD
(generated from the reaction of excess LiAlH 4 and D20). No visible change occurred upon
I12
introduction of HD. The tube was rotated at room temperature overnight to afford clean
transformation to a yellow-orange solution of [SiPPI 3]Co(HD). "H NMR (toluene-ds/THF, 6):
8.24 (d, .1 = 7.20 Hz, 33H), 7.25 (t. J = 6.80 Hz, 3H), 7.14 (br s, partially overlapping with a
toluene-d8 peak, 12H), 6.99 (br s, partially overlapping with a toluene-d8 peak, 6H), 6.80 (t, J
7.00 Hz, 6H), 6.67 (t, J= 7.20 Hz, 12H), -6.41 (t, 'JH-D = 30 Hz, Co(HD), IfH). 31P{H}11 NMR
(toluene-dg/THF, 6): 68.6 (s).
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Appendix A: Synthesis, Characterization, and Reactivity of Asymmetric and
Symmetric Dimetallic Complexes
This material is based upon work performed by the Joint Center for Artificial Photosynthesis,
a DOE Energy Innovation Hub, as follows: The development of the results described in this
chapter was supported through the Office of Science of the U.S. Department of Energy under
Award No. DE-SC0004994.
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Al Introduction
Nature utilizes dimetallic centers in the active sites of many metalloenzymes that
facilitate the activation and transformation of small molecules. Examples, which represent both
homo- and hetero-dimetallic systems, include hemerythrin,' hemocyanin,' b [FeFe] and [NiFe]
hydrogenases, 2 purple acid phosphatases,3 and carbon monoxide dehydrogenases, 4 among others.
In particular, as efficient carbon dioxide fixation and reduction has become a crucial goal in
renewable energy research, carbon monoxide dehydrogenase (CODH) has become an important
model for those working to develop functional, molecular mimics.
The crystal structure of an exogenous CO 2 molecule bound to a reduced state of a [NiFe]
CODH reveals an 11 C,O-bound CO2, with the central carbon atom coordinated to an
approximately square planar nickel(II) center and one of the oxygen atoms bound to a pseudo-
tetrahedral iron(II) center (Figure A1). 4,
S(Cys)
0Fe--- N %*
I Fe/1 0
:F-e,
S Fe S(Cys)
N(His)
Figure Al. Exogenous CO2 bound to the active site of a reduced state of an anaerobic
Ni,Fe carbon monoxide dehydrogenase. Figure adapted from reference 4c.
This asymmetric heterodimetallic motif, in which an electron-rich metal center is paired
with a more Lewis acidic metal center, is also present in many molecular transition metal
systems that bind or activate CO2.5 The ability of metal-free frustrated Lewis pairs (FLPs) to
bind and reduce CO2 further demonstrates the power of cooperative, electronically asymmetric
systems.6 The impact of dimetallic cooperativity on the reduction of CC2 can be seen in the
triphosphine palladium catalysts studied by DuBoIs (see Chapter 1). These studies indicate that
tethering two palladium centers together through a dinucleating ligand increases catalytic rates
by roughly three orders of magnitude over those of the mono-palladium catalyst.7 8 However, the
rate of decomposition via formation of Pd(I)-Pd(I) dimers is also increased by the steric and
electronic properties of this symmetric dinucleating ligand, which holds the two palladium
centers poised face-to-face and at equivalent reduction potentials. This system thus also
illustrates the importance of both conformational and electronic considerations in the design of
dimetallic catalysts.
While many symmetric, dinucleating ligand systems have been developed,9 there have
been fewer examples of asymmetric ligands and less exploration of their metal compounds." We
sought to synthesize an electronicallby asymmetric dimetallic system that would facilitate the
binding and reduction of CO 2. We thus targeted an asymmetric, dinucleating ligand that features
both soft- and hard-donor binding pockets in order to support both a low-valent, nucleophilic
metal center and a more Lewis acidic metal center. Additionally, we required a ligand scaffold
that would hold the metal centers far enough apart to prevent formation of metal-metal bonds
while keeping them close enough to preserve cooperativity.
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As a starting point, we looked to a ligand system that had been demonstrated to be
amenable to modular asymmetric synthesis.' These ligands consist of a central phenolate unit
bridging two different chelate arms; selected examples are shown in Scheme Al. The dimetallic
complexes of these ligands have mostly been studied as models of purple acid phosphatases.
N N OH N
S e
Scheme Al.
OH
'N OH N N OH N - " -j<N 01
K N H HO N
Examples of previously developed asymmetric, dinucleating
ligands with central bridging phenolate moiety.
N OH N'
N SEt
[N EtS'
H[NOS]
Scheme A2. The asymmetric, di nucleating H[NOS] ligand.
Previous work in the Peters group had explored the properties of dimetallic compounds
of the related asymmetric H[NOS] ligand, which features a central phenolate moiety bridging a
dipicolylarine, N3 binding pocket on one side and a bis(2-(ethylthio)ethyl)amine, NS 2 binding
pocket on the other side (Scheme A2). 2 Diiron, dicobalt. and dinickel [NOS] complexes were
synthesized with various symmetric and asymmetric bridging ligands (Scheme A3). While this
ligand scaffold was successful in imparting a degree of electronic asymmetry to its dimetallic
complexes, the thioether donors proved to be more labile than desired. Additionally, no reduced
species had been successfully isolated. We therefore sought to replace the NS 2 side of the ligand
with a stronger-binding, triphosphine arm, which would impart an even greater hard/soft binding
site disparity and hopefully allow access to the reductive chemistry of its dimetallic compounds.
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Scheme A3. Dimetallic [NOS] complexes.
This chapter will detail our efforts to develop an asymmetric, dinucleating ligand with both
hard, N-donor and soft, P-donor binding sites as well as the related symmetric, all-phosphine
ligand; the synthesis and reactivity of their dimetallic compounds will also be discussed.
A2 Results and Discussion
A2.1 Synthesis of the Asymmetric, Dinucleating H[NOPPhI Ligand
We targeted an asymmetric ligand based on the H[NOS] ligand previously synthesized in
the group, but with a triphosphine binding pocket in place of the bis(thioether)amine binding
pocket in H[NOS]. 12 The target ligand would thus have both a hard, N3 -donor binding site arid a
soft, P3 -donor binding site. The singly dipicolylamine-substituted ligand precursor H(py,Cl)(H(py,Cl) = 2-(N,N-bis(2-methylpyridyl)amninomethyl)-6-chloromethyl-4-methylphenol) was
synthesized following previously developed procedures (Scheme A4). 12
OH OH OH
MnO2
So
HL(py,CI)
SOC'NEt
3
OH OH 0 CI OHO
H N
NJ
Cl2  NaBH4  N
N OH OH
N NOH O
Se N
'NIN
Scheme A4. Synthesis of HJL(py,Cl).
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BP h4 BPh4
zN/ 'S'
I
Ph (p Ph -)1Attempts to attach the triphosphine PP 2 (P = [P(2-Ph 2 PC6H4)2 ]) 1 arm by reacting
the lithiated phosphine, LiPPPh2 with the potassium salt KL(py,Cl) resulted in recovery of mainly
free phosphine HPPPh2, possibly due to deprotonation of L(py,Cl) benzylic protons (Scheme A5).
A I Ph 2 P PPh 2  THF Ph 2 P PPh 2iOKCI + -78L*CiT H
" N OKcI P P
KL(py,CI) LiPPPh2  HPPPh 2
Scheme A5. Attempt to synthesize H[NOPPh] via lithiation of the triphosphine arm.
Heating HL(py,Cl) and HPP Ph_ with excess base resulted in successful attachment of the
triphosphine arm to afford H[NOP' ] (A1, Scheme A6). The attachment of the PPPh 2 fragment to
the central phenol moiety is accompanied by an increase in the 3.Jpp coupling constant between
the two sets of inequivalent phosphines from 117 Hz in HIPP P42 to an average of 145 Hz in A].
DME
+ Ph 2 P H PPh 2 + xsNEtO
N OH CI H
K N N -N P i212
HL(py,CI) HPPMh2  H[NOPPh]
61
Scheme A6. Synthesis of H[NOPf'h].
Rinsing the crude product of one particularly clean reaction with pentane afforded a small
amount of clean Al as a yellow solid. The large number of aryl protons prevented definitive
assignment of all I NMR signals; those that were assigned are shown in Figure A2. Though the
1H NMR signal for methylene protonsfis expected to be a doublet due to two-bond coupling to
the central phosphorus atom, only a singlet is observed. Coupling constants of 0 Hz are known
for three-bond P-H and two-bond P-C moieties; in the case of Al, this is likely due to an anti-
configuration between the phosphorus lone pair and the relevant protons, enforced by the steric
bulk of the PPPh 2 arm. !4, 15 The 3 1P{H} NMR spectrum exhibits a doublet and doublet of
doublets that integrate 2:1, corresponding to the a and b phosphines, respectively (Figure A2).
1'20
C C
de f N OH
C N OHPY' Na>0
-N d a~ XN Ph2P 2
b N P ~ 2
b
C le y
9' -j d.' 8.' " .1 i . -
Figure A2. 'H (left) and "P{'H} (right) NMR spectra of Al with selected peak
assignments.
Though the successful reaction conditions were replicated multiple times, subsequent
reactions consistently contained unidentified phosphorus-containing impurities with 3 'P{ 'H}
NMR chemical shifts between 20 and 50 ppm that we were unable to separate from Al. As these
reactions were set up and worked up in an inert glovebox atmosphere, it is unlikely that these
resonances are due to the presence of phosphine oxides. As the reaction conditions, i.e. an alkyl
halide reacted with di- and tri-aryl phosphines in presence of base, are similar to those utilized in
the synthesis of phosphorus ylides 6 , we hypothesized that the observed downfield phosphorus
chemical shifts could indicate formation of phophorus ylide side-products. We thus sought an
alternate route to H[NOPPh] by attachino the triphosphine arm first. When 2-(chloromethyl)-6-
carbaldehyde-4-methylphenol' and HPP h2 are heated in the presence of excess base, the singly
triphosphine-substituted methylphenol HL(CHO,PPP"2) (A2, Scheme A7) is generated cleanly.
Though these reaction conditions could also be favorable for the formation of phosphorus ylides,
no peaks are seen in the corresponding region in the "P{IH} NMR spectrum. This calls into
question the assumption that the phosphorus-containing impurities seen under the previous
reaction conditions were due to the formation of phosphorus ylide species. Reductive amination
of dipicolyl amine and A2 does result in the formation of Al, but phosphorus-containing
impurities with downfield 3 'P chemical shifts were again present.
Ph2P H PPh2 THF N
N +1 NEt 3  N> 0' H-~ HP~
T 6 0C OH P-\
OH CI + Pt Ph PU2 NaBH2CNOHC UP2P 2 cat HOAc (4 Ph2P
MeOH
HL.(CHO,PPP' 2) RT H[NOPPh]
6.2 6.1
Scheme A7. Alternate synthesis of HINOPPh].
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These results seem to indicate that the phosphorus-containing impurities were generated
due to side reactions between the PP 2 arm and dipicolylamine; we thus sought to determine
whether using a different N3 donor arm, without sp2 nitrogens, would eliminate these side
reactions. Preliminary attempts were made to synthesize a triazacyclonoane-substituted ligand
precursor, HL(TACN,C), but we have not yet been able to generate it cleanly.
A2.2 An Asymmetric Diiron [NOPPh] Complex
We attempted to metallate the small amount of isolated, clean Al under conditions
similar to those previously worked out for the H[NOS] ligand. Accordingly, Al was reacted with
Fe(OAc)2 and NaBPh4 in MeOH to afford the diiron, di-(g-OAc) compound
{[NOPPh]Fe 2OAc2} {BPh 4} (A3, Scheme A8, Figure A3) as a red-purple solid with a 'H NMR
spectrum featuring paramagnetically shifted resonances. Single crystals of A3 were obtained by
cooling a pentane/minimal CH 2Cl 2 solution to -35 'C. and an X-ray diffraction study confirmed
that the ligand was able to coordinate the two metal centers in the desired conformation. Each
iron center is in a pseudo-octahedral environment with the N3 or PPPh units each coordinating
facially and the two bridging acetates and bridging phenolate oxygen atom completing each
octahedron. The Fe-O distances are observed to be about 0.1 A longer on the N3 side than their
counterparts on the PPPh2 side.
The solid state structure also revealed a ca. 6% occupancy of a minor component with
one bridging chloride in place of one of the bridging acetates (Figure A4) This demonstrates that
metals bound in the [NOpPh] ligand scaffold can accommodate both a one- and a three-atom
bridge. As is observed with the bridging acetates. the Fe-Cl distance is longer on the N3 side than
on the PPPh2 side. with bond distances of 2.576(19) and 2 424(18) A, respectively. The partial
chloride may have been aue to residual chloride impurities from the synthesis of the ligand or
from the CH 2Cl2 used in the crystallization conditiOns.
The dark red-urple A3 exhibit; a broad absorption maximurr at 55 1 nm (e = 1430 cm~
'M-') as well as a broad shoulder at about 445 nm. The ESI-MS of A3 shows. paren1t positivez
mass peaks at M/Z = 1114.3, which corresponds to the cationic di-(g-OAc) ' firagntnt. as well as
at M/Z = 1168.3, which corresponds to the singly-chloride substituted fragment. No signal was
observed in the EPR spectra. of A3 taken at both 10 K and 4 K.
BPh4
MeOH
H(POPPh] + Fe(OAc) 2 + BPh, - F P h
O O P
Ph2
{[PC)pPh]Fe2OAC2}{BArF4)
6.3
Scheme AS. Synthesis of {jPOP 1']Fe 2OAc2j {BPh 4}.
122
Figure A3. Solid state structure showing the major component of A3. Thermal ellipsoids
drawn at 50% probability. Hydrogen atoms and BPh4 anion omitted and phenyl rings on
P1 and P2 truncated for clarity. Selected distances (A) and angles (*): Fel ---Fe2 3.496,
Fel-Ol 2.103(2), Fel-Ni 2.209(3), Fel-N2 2.195(3), Fel-N3 2.222(3), Fel-OllA
2.119(3), Fel -021 A 2.034(3), Fe2-O1 2.025(2), Fe2-P1 2.2767(11), Fe2-P2 2.1988(11),
Fe2-P3 2.1107(11), Fe2-012A 2.031(3), Fe2-022A 2.033(3), Fel-01-Fe2 115.77(11).
Figure A4. Solid state structure showing the minor component of A3. Thermal ellipsoids
drawn at 50% probability. Hydrogen atoms and BPh 4 anion omitted and phenyl rings on
P1 and P2 truncated for clarity. Selected distances (A) and angles (*): Fel-Cli 2.576(19),
Fe2-CIl 2.424(18), Fel-Cll-Fe2 88.67(61).
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An Evans' method18 NMR experiment indicated an effective magnetic moment of R1er =
2.46 pB which, though lower than the theoretical value of 2.83 B, suggests an S = 1 species. This
is consistent with either an intermediate spin, S 1 iron(II) center ligated by the weaker-field N3
arm and a low spin, S = 0 iron(II) center ligated by the stronger-field PPPh 2 arm, or two
antiferromagnetically coupled high- or intermediate-spin iron(II) centers. The longer Fe-O and
Fe-Cl bond lengths on the N3 side as compared to the PPPh2 side point to the former assignment,
with the longer bond lengths arising from ligation to the paramagnetic iron center.
Minimization of the diiron cation of A3 by DFT methods, assuming an S = 1 spin state,
results in a diiron, di-(R-OAc) geometry that has both similarities to and disparities from the
experimentally obtained structure (see Section A5). The biggest difference between the two
arises on the PP"". side, where one of the outer phosphines is much farther from the iron center
(Fe--P1 = 3.819 A) in the calculated structure, resulting in a five-coordinate, pseudo-square
pyramidal environment for the iron center. The other two Fe-P distances are elongated by about
0.1 A, while the three Fe-N distances are shortened by the same amount. Perhaps as a result of
these ligand rearrangements, the calculated spin density is centered on the phosphine-bound iron
center, in contrast to what was predicted based on the experimentally observed bond lengths.
These disparities suggest that a higher level of theory may be required for this paramagnetic,
bridged diiron species.
A2.3 Synthesis of the Symmetric, Dinucleating 1 1[POP'] Ligand
In addition to the asymmetric ligand, we also sought to synthesize the related symmetric
ligand and dimetallic compounds in order to be able to compare them with their asymmetric
counterparts and attempt to delineate the effects of the asymmetry on their properties and
reactivity. We thus chose to target a symmetric. hexaphosphine ligand with PP h2 arms on both
sides.
The symmetric precursor H(CI,CI) (H(Cl,Cl) =2,6-bis(chloromethyl)-4-methylphenol) 9
was heated with 2 equivalents of HPPPh2 in the presence of excess base to afford the symmetric,
dinucleating, hexaphosphine ligand H[POPPh] (A4, Scheme A9) as a yellow solid. No
phosphorus impurity peaks with 31P{1H} chemical shifts between 20 and 50 ppm were observed
in the crude reaction mixture, supporting the hypothesis that the phosphorus-containing
impurities generated during the syntheses of H[NOPPh] were due to a side reaction involving the
dipicolylamine arm and not due to the formation of phosphorus ylides.
Ph 2P H PPh 2  THF
+ 2 PNEt 3  P OHP
C1 OH CI 6 ref2ux PPh 2 Ph2 P 2
HL(CI,CI) HPPPh2  H[POPPh]
6.4
Scheme A9. Synthesis of H[POPPh].
Colorless crystals were grown by slow evaporation of an Et 20 solution, and an X-ray
diffraction experiment confirmed the identity of A4 (Figure A5). The solid state structure
exhibits a hydrogen bond between the phenol proton, which was located in the residual electron
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density, and the central phosphorus atom from one PPPh2 arm. This arm has all three phosphines
rotated toward the central phenol oxygen atom, in a syn- conformation, while the phosphines on
the other PP h2 arm are rotated away from the rest of the ligand, in an anti- conformation.
The 1H NMR spectrum of A4 is shown in Figure A6. As was the case with Al, the
methylene protons resonate as a singlet with no effective coupling to the phosphines two bonds
away. The 3 1P{IH} NMR spectrum of A4 exhibits only two sets of resonances that integrate 1:2,
indicating effective C2v symmetry in solution. The two sets of phosphines are coupled to each
other, resulting in a doublet and a doublet of doublets with an average 3JP.P of 154 Hz.
The phenol moiety of A4 can be deprotonated with NaOtBu to generate the sodium salt of
the ligand, Na[POPPh] (A5). The 'H NMR spectrum of A5 exhibits broadened peaks compared to
A4, while the "P{ 1H} NMR spectrum consists of three sets of peaks that integrate 1:1:1,
indicating a reduced symmetry in the sodium salt of the ligand.
Figure A5. Solid state structure of A4. Thermal ellipsoids shown at 50% probability.
Hydrogen atoms omitted for clarity. Selected distances (A) and angles (*): 01-H1 0.98(7),
H1 - P34 2.66 (6), 01-H1 - P34 121(4).
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A2.4 An Unbridged Dicobalt [pOpPh] Complex
Figure A7. Solid state structure of A6. Thermal ellipsoids drawn at 50% probability.
Hydrogen atoms omitted for clarity. Selected distances (A) and angles (0): Col-- Co2
7.762, Col-Ol 1.9499(67), Col-Cli 2.271(3), Col-P12 2.1088(31), Col-Pi 2.2070(31),
Col-P2 2.2343(35), P12-Col-ClI 177.17(13), Co2-C12 2.2890(33), Co2-Cl3 2.2625(28),
Co2-P34 2.1575(31), Co2-P3 2.1862(31), Co2-P4 2.2796(32), P3-Co2-Cl2 147.78(12),
P34-Co2-Cl3 172.83(12).
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Attempts to metallate A4 with either one of two equivalents of CoCl 2 in the presence of
base resulted in isolation of a dark red-purple compound with a 1H NMR spectrum featuring
paramagnetically shifted resonances. The solid state structure of a single crystal grown by slow
evaporation of a CH 2Cl 2 solution revealed the neutral, unbridged, dicobalt compound
[POPPh]COCl,COCl 2 (A6, Figure A7). One cobalt center is in a pseudo-trigonal bipyramidal
environment, ligated by the phenolate oxygen in an equatorial site, a chloride in an axial site, and
the three phosphines from one PPPh2 arm coordinated facially. The second cobalt center is not
bound to the central phenolate oxygen and is instead ligated by two chlorides and the three
phosphines from the second PP '2 arm in a pseudo-square pyramidal geometry. The second arm
is rotated away from the rest of the compound in an anti- conformation similar to that observed
in the solid state structure of the free ligand, increasing the cobalt-cobalt distance to 7.762 A.
This demonstrates that this [POP h] ligand framework can bind two metals without any bridging
ligands, which had not been observed for the HINOS] ligand.
A2.5 Symmetric Diiron 1pOpPh] Complexes
In order to best make comparisons to the asymmetric [NOP] system. we sought to
synthesize the symmetric, diiron, di-(s-OAc) analogue of A3. When A4 was reacted with
Fe(OAc) 2 and NaBPh4 under the same conditions used to synthesize A3., a red-purple solid was
isolated. The 11 4 NMR of this compound has paramagnetically shifted peaks similar to those of
A3, and the ESI-MS exhibits positive mass peaks consistent with the formulation
{[POP Ph]Fe 2OAc2 } as well as singly- and doubly-chloride substituted species (M/Z = 1470.3,
1445.3, and 1422.3, respectively). If this formulation is correct and structure is analogous to that
of A3, with each iron center in equivalent octahedral coordination environments, the
paramagnetic nature of this compound could indicate that the P3/0 3 ligand field does not Support
low-spin iroi(ll) centers and that the correct assignment for both this compound and A3 is of two
antiferromagnetically coupled high- or intermediate-spin iron centers. The UV-visible spectrum
of this red-purple compound has an absorption maximum at 554 nm (L = 1554 Mcm'). We
have not yet been able to crystallize this compound and so do not yet have confirmation of its
formulation. As this was not conducive to further study we sought a different, more well-defined
access point to the diiron chemistry of the [POPPh] ligand.
While attempting to synthesize an analogous diiron compound with bridging formates,
utilizing FeBr 2 as a starting material and NaBAr to increase solubility, a dark purple compound
with diamagnetic NMR spectra was isolated. As the [-POPPhI ligand contains only aryl and alkyl
protons, a set of four 1H NMR peaks with chemical shifts between 5 and 6.2 ppm in the spectrum
were initially suspected to be due to coordination of an aryl ring to an iron center.20
An X-ray diffraction experiment on a single crystal grown by slow evaporation of an
Et 20 solution revealed the dark purple species to be the symmetric, diiron, di-(p-Br) compound
{[POP"]Fe2 Br2 } {BArF4} (A7a, Figure A8). Both iron atoms are in octahedral coordination
environments, with the PPPh2 units each coordinating facially. Each octahedron is completed by
the two bridging bromides and the bridging phenolate oxygen atom, and the two PPPh 2 arms are
arranged in a propeller-like conformation to impart an approximate C2 overall symmetry. The
Fe-P, Fe-O, and Fe-Br bond lengths are roughly the same for the equivalent bonds to each iron
center.
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Figure A8. Solid state structure of A7a. Thermal ellipsoids drawn at 50% probability.
Hydrogen atoms and BAr F4 anion omitted for clarity. Selected distances (A) and angles
(0): Fel - -Fe2 3.109, Fel-01 2.0009(23), Fel-P(avg) 2.179, Fel-Brl 2.4966(6), Fel-Br2
2.5325(6), Fe2-01 2.0207(23), Fe2-P(avg) 2.192, Fe2-Brl 2.5302(6), Fe2-Br2 2.5538(6),
Fel-O1-Fe2 101.26(10).
Na[POPPh] + 2 FeBr 2 + NaX THF 2 P\ 0 P.
X = BArF4 , BPh 4  T F Br h2Ph2  Br Ph2
{[POPPh]Fe2Br2}{BArF4
6.7
Scheme A10. Synthesis of {[POPPh]Fe 2Br2} {X}.
A rational synthesis of A7a was developed and is shown in Scheme AlO. The 1H and
31P{'H} NMR spectra are shown in Figure A9, along with selected peak assignments, which
were determined in part through 2D gCOSY, 'H/"C HSQC, and 'H/PP HMBC NMR
experiments. Three of the peaks between 5 and 6.5 ppm integrate 1:2:2 and correspond to the
protons on two equivalent ligand phenyl rings (protons a, c, and d in Figure A9). Presumably, the
solid state conformation is maintained in solution and, as is seen in Figure A8 for the aryl rings
attached to P2 and P4, one phenyl ring from each ppPh2 arm is pointed toward the bridging
bromides, resulting in upfield shifts for the corresponding protons. The approximate C2
conformation of the two PPPh 2 arms renders the methylene protons (e andf in Figure A9) on each
methylene carbon diastereotopic; they thus appear as two separate multiplets that each exhibit a
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ca. 12-14 Hz coupling to the central PP Ph2 phosphine. The 3 1P{I H} NMR spectrum exhibits three
sets of peaks that integrate 2:2:2 and correspond to the three phosphines on each PPPh2 arm
which each are trans- to different moieties: each central ppPh2 phosphine is trans- to a bromide,
while the two other terminal ppPh2 phosphines are trans- to the other bromide and the central
phenolate oxygen, respectively. The downfield resonance at 148.7 ppm is split into a doublet of
doublets with coupling constants of 49 and 39 Hz, while the two upfield resonances at 96.2 and
62.2 ppm appear to be triplets with coupling constants of 49 and 42 Hz, respectively. These
coupling constants are consistent with the mutually cis- conformation of the phosphines observed
in the solid state structure.2 The diamagnetic character of A7 could arise either from two low-
spin iron(11) centers or two antiferromagnetically coupled high- or intermediate-spin centers, as
is hypothesized for ([POPPh]Fe2OAc 2} BPh4}.
B~rF4
I e
...... -i -- --
K7
9
BArF4
a
Figure A9. 'H (top left) and "P{i H} (top right) NMR spectra of A7a with selected peak
assignments (bottom). The molecule has approximate C2 symmetry, so each label in the
diagram also applies to the symmetry-equivalent site on the other half of the molecule.
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The ESI-MS of A7a contains a parent positive mass peak at M/Z = 1510.8, which
corresponds to cationic {[POPPh]Fe 2Br2} + 1. The UV-visible spectrum of dark purple A7a
exhibits an absorption maximum at 558 nm (, = 1522 M-1cm-1), as well as broad shoulders at 428
and 690 nm.
The much less soluble BPh 4 salt, { [POPPh]Fe 2Br2}{BPh4} (A7b), was synthesized in the
same manner as A7a. Though some of the 1H NMR resonances of A7b are shifted from those of
A7a, the 3 1P{ 1H} NMR spectrum exhibits the same three sets of peaks as A7a, confirming that
the change in anions did not affect the identity or conformation of the diiron species (see Section
A5). While the greater solubility of A7a was useful for monitoring and characterizing its further
reactions, A7b was utilized in the reduction reaction discussed in Section A2.7 as the lower
solubility of the NaBPh4 salt formed upon reduction allowed it to be separated from the reduced
species. The diiron, di-(g-Cl) compounds {[POPPh]Fe 2Cl 2}{X} (X = BArF4, BPh4) can be
synthesized analogously to the bromide by utilizing FeCl2 as the iron starting material.
Minimization of the diiron cation of A7 by DFT methods results in a structure that
closely replicates the experimentally obtained structure. The calculated HOMO is approximately
evenly distributed across both iron centers and the 7t-system of the central phenolate moiety
(Figure A10, left). The iron-based components appear to be from orbitals of dxy parentage. The
LUMO is spread over the 7t-system of both backbone aryl rings of one ppPh2 arm and has small
components centered on each iron center that are of approximate d 2  and d, parentage (Figure
A10, right).
Figure A10. DFT optimized HOMO (left) and LUMO (right) of the diiron cation of A7.
Attempts to abstract bromide from A7a to access a coordinatively unsaturated compound
have so far been unsuccessful. Stirring A7a with TIPF6 at room temperature for a week resulted
in only minimal conversion to either a new species or a decomposition product; heating the
reaction to 60 *C overnight resulted in complete decomposition, though A7a itself is stable under
these conditions. Reacting A7a with AgOTf resulted in formation of a species with a 31P 1H}
NMR spectrum that exhibited peaks with shifts close to those of the free ligand, but with a
complex splitting pattern consistent with formation of the transmetallation product [POPh ]Ag.
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We also sought to synthesize diiron compounds with one or two bridging hydrides, which
we hoped would open up access to CO 2 insertion reactivity. However, one or two equivalents of
NaHBEt 3 did not react appreciably with A7a; heating the reaction to 60 'C resulted in
decomposition of the starting material. A7a also did not react appreciably with TlOEt in attempts
synthesize an iron ethoxide species to indirectly access a hydride species via p-hydride
elimination. 22
A2.6 Diiron [pOpPh] Complexes with Nitrogenous Ligands
In contrast to the minimal reactivity toward the reagents discussed above, A7a reacts
immediately at room temperature with one equivalent of hydrazine in Et2 O to generate a red-
purple species that exhibits both paramagnetic and diamagnetic 'H NMR shifts, as well as three
resonances in the 31P{1 H} NMR spectrum. We hypothesized that this phenomenon could reflect
an unbridged diiron compound with both paramagnetic and diamagnetic metal centers.
An X-ray diffraction study of dark red crystals grown by diffusion of pentane into a
MeCy/minimal toluene solution revealed the product to be the hydrazine adduct
{[POPPh ]FeBr,FeBr(N2 H4)} {BArF4} (A8, Scheme A ll, Figure Al 1). The two iron centers are
unbridged and both bromides are retained but are now each bound to only one iron center. One
iron center is in a pseudo-trigonal bipyramidal coordination environment, ligated by the
phenolate oxygen in an equatorial site, a bromide in an axial site, and the three phosphines from
one PPPh 2 arm coordinated facially. This is essentially the same coordination mode and
environment as the trigonal bipyramidal cobalt side of A6, and likely results in an S = I spin
state for this iron(II) center; the protons on the ppPh2 arm bound to this paramagnetic center
would thus correspond to the observed paramagnetic NMR shifts. The second iron center is not
bound to the central phenolate oxygen, but is in a pseudo-octahedral coordination environment
Ph 2
with the PPP'2 arm bound facially; the coordination sphere is completed by a bromide and an rj _
hydrazine moiety. The diamagnetic 'H and "P{ 1 H} NMR resonances presumably arise from the
PP Ph2 arm bound to this low spin, S = 0 iron (II) center, which is uncoupled from the other,
paramagnetic iron center. In contrast to the conformation of A6, where the PPPh2-Co unit that is
not bound to the central phenolate oxygen is rotated away from the rest of the molecule in an
anti-conformation, the six-coordinate iron center of A8 is rotated toward the rest of the molecule
in a syn-conformation. This may be due in part to hydrogen bonding between the hydrazine
adduct on one iron center and the oxygen and bromine atoms bound to the other iron center (N2-
H --01 and N 1-4 --Br2, Figure Al l). It is unclear whether or not these interactions are retained
in solution. The syn- conformation in A8 results in an iron-iron distance of 5.567 A, in contrast
to the cobalt-cobalt distance of 7.762 A in A6.
The N-N distance of 1.427 A is consistent with an N-N single bond, and the Fe-N bond
distances of 1.962 and 1.966 A are in line with those observed in previously reported,
structurally characterized hydrazine adducts bound i2 to six-coordinate iron(II) centers.
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{[POPPh]Fe 2Br 2 }{BArF4} + N2H4  THF
RT
BArF4
P 0 p PPh 2
PhP" X H2 N~j I\h2P Fe O F
Br H2N
PPh2  Br PPh2
{[POPPh]FeBr,FeBr(N 2H4)}(BArF4)
6.8
Scheme All. Synthesis of {[POPPh]FeBr,FeBr(N 2H4){BArF4}.
Figure All. Solid state structure of A8. Thermal ellipsoids drawn at 50% probability.
Hydrogen atoms, with the exception of those belonging to the bound hydrazine, and
BArF4 anion omitted for clarity. Fel -- Fe2 5.567, N1-N2 1.427(3), Fel-Ni 1.962(2), Fel-
N2 1.966(2), Fel-Bri 2.4855(5), Fel-P12 2.1798(7), Fel-P12.1844(8), Fel-P2 2.2069(7),
NI-Fel-N2 42.61(10), Fe2-O1 1.9649(18), Fe2-Br2 2.4126(4), Fe2-P34 2.1694(7), Fe2-
P3 2.3104(8), Fe2-P4 2.2941(8), P34-Fe2-Br2 175.67(3).
The 1H NMR spectrum of A8 exhibits 10 broad, paramagnetically shifted resonances,
which correspond to the protons on the PPPh2 arm bound to the trigonal bipyramidal,
paramagnetic iron center; about 14 diamagnetic resonances correspond to the PPh 2 arm bound to
the octahedral, diamagnetic iron center (Figure A12, top left and top right). A 'H/ 1H gCOSY
NMR experiment revealed only one off-diagonal cross-peak, corresponding to an unassigned
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aryl-aryl correlation. Two broad resonances at 4.74 and 4.23 p m are tentatively assigned to the
hydrazine moiety, though no cross peaks were observed in an H/ 5 N HMBC NMR experiment,
precluding an unambiguous assignment. However, these chemical shifts are in line with those
previously confirmed to correspond to Fe(II)-hydrazine adducts.23 a, 24d The three phosphines of
the ppPh2 arm bound to the diamagnetic iron center show up as three singlets in the 3 1P{'H}
NMR spectrum (Figure A 12, top right). A broad singlet at 207.0 ppm corresponds to the central
phosphine, which is trans- to the bromide, while the two singlets at 87.5 and 85.2 correspond to
the two outer phosphines which are each roughly trans- to the bound hydrazine. The only cross-
peaks observed in a 1H/3 P HMBC NMR experiment were between the two outer phosphines and
unassigned aryl protons.
y, z
ii
I~I
B:.rF
B4
4
ArF4
x
BArF4
Ph?2P7
14
**
Figure A12. Full 1H (top left), diamagnetic region of 1H (bottom left), and 3'P{ 1H} (top
right) NMR spectra of A8 with selected peak assignments (bottom right). Peaks marked
with an asterisk indicate resonances proposed to correspond to the hydrazine adduct
protons.
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Figure A13. DFT optimized HOMO (left) and LUMO (right) of the diiron cation of A8.
Figure A14. DFT optimized spin density distribution of the diiron cation of A8.
The UV-visible spectrum of A8 has an absorption maximum at 527 nm (c = 2647 M 1cm~
1) as well as broad shoulders at 412 and 675 nm. An Evans' method experiment indicated an
effective magnetic moment of 1.92 RB, which is between the values expected for spin-only
magnetic moments for S = '/2 and S = 1 systems.
Minimization of the diiron cation of A8 by DFT methods, assuming an S = 1 spin state,
results in close replication of the experimentally obtained structure. The calculated HOMO is
distributed across both iron centers and the n-system of the central phenolate moiety (Figure A13,
left), with iron-based components of approximate d,(y parentage. The LUMO is centered on the
trigonal bipyramidal iron center and appears to be the a-antibonding combination of the iron d,
and axial phosphine and bromide orbitals (Figure A13, right). The calculated spin density is also
centered on this iron center, with small components on the corresponding ppPh 2 arm phenyl rings
as well as the central phenolate moiety (Figure A14). This distribution of the spin density is
consistent with the observed 1H and 31P NMR resonances and assignments discussed above.
Previous Fe-NxHy work in the Peters group demonstrated the oxidation of bridging
hydrazines by Pb(OAc) 4, 02, or through disproportionation, resulting in the corresponding
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bridging diazene species. We thus sought to determine whether the bound hydrazine moiety in
A8 could be similarly oxidized. Reactions of A8 with Pb(OAc) 4 resulted in formation of a yet
unidentified paramagnetic species with no 31P NMR resonances. Though acetate ions are present
in the reaction, the 'H NMR spectrum indicates that the species formulated as [POPPh]Fe2 OAc2
is not formed. Addition of one equivalent of 02 to A8 did not result in an appreciable reaction.
We also explored the reactivity of A8 toward bases, in an attempt to access hydrazido or
24d, 25diazene species. While A8 does not react with the bulky base 1,8-
bis(dimethylamino)naphthalene, even upon heating at 60 'C for multiple days, it reacts with one
equivalent of NaOtBu at room temperature to form predominantly one new, diamagnetic species.
This 'H and 31 p{'H} NMR characteristics of this species suggest that, instead of deprotonation,
the reaction with NaOtBu results in formation of a symmetric analogue of A7 with two bridging
alkoxides.
In contrast to its immediate reaction with N 2H4, A7a does not react with one or two
equivalents of NH3 , even upon heating to 60 'C. Reaction of A7a with two equivalents of
NaNH 2 results in the formation of predominantly one new, red-brown diamagnetic species with
NMR spectra that are analogous to those of A7a: the 'H spectrum exhibits three aryl peaks
shifted upfield to between 5 and 6.5 ppm, while the 3 1P{'H} spectrum has three pseudo-triplets at
134.8, 90.3, and 74.8 ppm with coupling constants of about 30 Hz (see Section A5). Due to the
strikingly similar NMR characteristics of these two species, we assign the product as the
analogue of A7a with two bridging NH2 moieties: {[POPfh]Fe 2(NH2)2} {BArF4} (Scheme A12,
left). An M/Z peak at 1383 in the ESI-MS is consistent with formulation of the cation as
{ [POPPh]Fe 2(NH2 )2}. However, the IR spectrum does not contain any peaks in the N-H
stretching region. Unfortunately, the minimal solubility of NaNH 2 makes the stoichiometry of
the reaction difficult to control; excess NaNH2 results in decomposition, but stoichiometric
reactions result in varying amounts of the incomplete reaction product with one bridging
bromide and one bridging amide: {[POP ']Fe 2(Br)(NH2 )}{BArF4} (Scheme A12, right). The
asymmetry of this mono-substituted product results in six resonances in the 3 1p{'H} NMR
spectrum, as each phosphine is now trans- to a different moiety. This asymmetry is also
observed in the ] H NMR spectrum, where there are now two sets of upfield-shifted aryl peaks.
DFT minimization of {[POPPh]Fe 2(NH2)2} results in a structure very similar to the
minimized geometry of A7; the calculated HOMO and LUMO are also analogous to those of A7.
BArF4  BArF4
2X P\ 2- PR\ 0 P
FFe e Fe
N N 2H2  H2
{[POPPh]Fe(NH2)2}{BArF 4pOpPh]Fe(Br)(NH2)}{BArFJ
Scheme A12. Proposed products of the reaction of A7a with NaNH 2.
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A2.7 Reduced Diiron [POPPh] Complexes
With these diiron(II) complexes in hand, we sought to synthesize a reduced species in
order to explore its reactivity with CO 2 and other small molecules. Reduction of A7b with three
equivalents of sodium amalgam. in the presence of at least one equivalent of trimethylphosphine,
resulted in isolation of a dark brown, benzene-soluble species with an intense IR stretch at 1963
cm- ; this distinctive stretching frequency is likely due to a dinitrogen molecule bound to a
reduced iron center. This species is not formed if the reduction is performed in the absence of
trimethylphosphine. Attempts to perform the reduction under a 5N 2 atmosphere, in order to
confirm the origin of the 1963 cm-I stretch, have so far been unsuccessful and result only in an
intractable decomposition mixture. Efforts to obtain crystals of this compound, and thus a
definitive formulation, have so far been frustrated. However, spectroscopic evidence supports a
fairly clean conversion to a neutral, reduced diiron complex with both N2 and PMe 3 moieties
bound; to facilitate discussion of this species and its reactivity, this reduction product will be
referred to as compound A9.
The 1H NMR spectrum of A9 consists of six distinguishable broad peaks that lie fully
within the diamagnetic region, while the 3 1P{1 H} NMR spectrum exhibits two broad, unresolved
multiplets at 74.0 and 28.3 ppm that integrate 2:1. This 3P NMR pattern could indicate a
diamagnetic species of C 2v symmetry, in which two iron(0.5) centers are antiferromagnetically
coupled; in this case, the two 31P resonances would correspond to both central ppPh 2 phosphines
and all four outer phosphines, respectively. However, this overall symmetry is inconsistent with
the proposed coordination of at least one PMe 3 and one dinitrogen. Alternatively, the two
observed 3 1P resonances could correspond to one ligand arm bound to a diamagnetic iron(0)
center while the phosphines on the other ppPh2 arm are rendered NMR silent by the paramagnetic
iron(I) center to which they are bound.
N 2
e-PPh3
Fe < KpFe
Ph 2
[POPPh]Fe,Fe(PMe 3)(N2)
IR: 1963 cm-1
Scheme A13. Proposed structure of A9.
One proposed structure of A9 that is consistent with the synthetic and spectroscopic
parameters is the unbridged, diiron complex with PMe3 and N2 ligands shown in Scheme A13.
Consistent with the IR stretch observed at 1963 cm-1, the dinitrogen is bound end-on to a
diamagnetic iron(0) center, which is also ligated by the three phosphines of one PPPh2 arm and a
molecule of PPh3 in a pseudo-trigonal bipyramidal environment. The two equivalent, equatorial
outer ppPh2 phosphines and the bound PPh 3 would correspond to the two observed 3 1P NMR
resonances. The lack of a third 3 1P resonance corresponding to the central ppPh2 phosphine could
be due to the signal being broadened by the four-coordinate, pseudo-tetrahedral iron(I) center
bound to the central phenolate oxygen and the other PPPh2 arm. A high-spin, S = 3/2 iron(I)
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center would be consistent with there being so few observed resonances in the 'H NMR
spectrum.
The NMR spectra of A9 remain the same under static vacuum and through at least three
freeze-pump-thaw cycles, indicating that the bound N2 is not dissociatively labile. Compound A9
is extremely air-sensitive, and the few crystals we were able to obtain decomposed immediately
upon removal from an inert atmosphere, frustrating attempts to obtain a solid-state structure.
This sensitivity also results in an ESI-MS that consists mostly of peaks that correspond to the
masses of varying oxidations of [pOpPh] with one or two iron atoms bound.
Though the reduction of A7b generates A9 fairly cleanly, a small amount of ligand
decomposition usually occurs, and two phosphorus-containing impurities appear at -5.4 and
-13.6 ppm in the 31P{1H} NMR spectrum. As the peak at -5.4 ppm overlaps exactly with
exogenously added PPh3. these impurities are presumably generated by P-C bond cleavage at the
central PPPh 2 phosphines of the ligand. Though the similar solubilities of A9 and the aryl
phosphine impurities have so far precluded their successful separation, the impurities appear to
be inert in the further reactions of A9 described below: the "P{I'H} NMR spectra of these
reactions show no change in the resonances and relative amounts of the phosphorus-containing
impurities.
Reduction of A7b in the presence of dimethylphenylphosphine (Tolman cone angle
1220), instead of trimethylphosphine (Tolman cone angle = 1180), also results in a brown,
benzene soluble compound with an IR stretch at 1970 cm', which points to formation of a
complex analogous to A9 with PMe2Ph bound in place of PMe3. This species exhibits three
peaks in its 31P{ IH} NMR spectrum, indicating a decreased symmetry necessitated by the
bulkier phosphine. Additionally, a broad peak at -45.8 ppm, which is where free PMe 2Ph
resonates, could indicate the rapid exchange in solution of the more sterically demanding
phosphine. If the even bulkier triphenylphosphine (Tolman cone angle = 145') is used. no N2
adduct is detected in the reduction products and the "P{ 1H} NMR spectrum contains only the
ligand decomposition peaks discussed above. These experiments delineate the steric accessibility
of the coordination sites in these dimetallic complexes and indicate that N2 binding is predicated
upon the coincident binding of a phosphine.
A2.8 Addition of H2 to a Reduced Diiron [POPP"] Complex
Addition of I atm H2 to a freeze-pump-thawed solution of A9 initially produces no
changes in the NMR spectra apart from the appearance of a proton resonance at 4.47 ppm due to
free H2 in solution. Rotation of the sealed sample at room temperature overnight results in fairly
clean transformation to one major new species, A10, with NMR characteristics that are similar to
those of A9. The 31P{iH} spectrum still exhibits two singlets that integrate 2:1, but the
resonances are now shifted to 96.9 and 22.6 ppm; no free PMe 3 is detected in the sealed sample.
As in A9, the 'H NMR spectrum has broad singlets all within the diamagnetic region. In addition
to the free H2 resonance, a broad peak at -11.8 ppm is now present (Figure A15, second spectrum
from top). When D2 is added instead of H2 to form the labeled complex A10', the peak at -11.8
ppm is no longer present in the 'H NMR spectrum (Figure A15, third from top), while the
corresponding resonance is observed in the 2H NMR spectrum(Figure A15, bottom). These NMR
characteristics suggest that dark brown A10 has an overall structure analogous to that of A9; a
formulation consistent with these observationIs is the unbridged, diiron complex with PMe3 and
H2 ligands shown in Scheme A4.
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Figure A15. 'H NMR spectrum of A9 (top, purple), A10 (second from top, blue), A10'
(third from top, green), and 2H NMR spectrum of A10' (bottom, red).
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Scheme A14. Proposed structure of A10.
As with A9, the NMR spectra of A10 remain the same under vacuum. However,
exposure of a solution of A9 to an N2 atmosphere results in slow conversion back to A9. While
the ESI-MS of A9 does not contain any peaks corresponding to the mass of the proposed formula,
M/Z peaks for [pOpPh] with one or two iron atoms and varying degrees of oxidation are observed.
Compound A10 could alternatively be formulated as a mono- or di-hydride. A trigonal
bipyramidal iron(O) monohydride, generated by deprotonation of an H2 adduct intermediate,
would be consistent with the observed NMR spectra, as would an octahedral iron(II) dihydride
generated by oxidative addition of an H2 adduct intermediate. The lack of P-H coupling in the
NMR spectra and absence of any diagnostic Fe-H stretches in the IR spectrum are circumstantial
evidence against the presence of a hydride. In an attempt to confirm the assignment as an intact
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dihydrogen ligand, the HD analogue, A10". was synthesized. However, the peak at -11.8 ppm
remained broad and no 'JH-D was discernible, even upon cooling.
A2.9 Addition of CO 2 to Reduced Diiron [PO PP"] Complexes
When a freeze-pump-thawed solution of A10 is exposed to I atm CO 2 and the sealed tube
is rotated at room temperature overnight, a new dark brown species, Al1, is formed. As CO 2 is
known to insert into transition metal-hydride bonds,27 an iron-formate complex is one plausible
assignment for All. However, the same species is also produced upon addition of CO 2 to A9,
rendering the iron-fonnate formulation unlikely. The 1H NMR spectrum of All is similar to
those of A9 and A10, in that broad peaks are observed fully within the diamagnetic region, but
the increased number of resonances suggests a decreased symmetry in the diamagnetic portion of
the complex. This decrease in symmetry is also evident in the 3 P{1 H} NMR spectrum, which
now exhibits three resonances at 94.0. 62.9, and 16.4 ppm that integrate equally and presumably
correspond to three inequivalent PPPh2 phosphines bound to the diamagnetic, iron(O) center. As
in the synthesis of A10, no free PMe3 is detected in the sealed sample. In contrast to A10,
solutions of All do not revert to A9 upon prolonged exposure to an N2 atmosphere. When the
labeled analogue, All', is generated with " C0 2 , a broad resonance is observed at 190.8 ppm in
the 13C{1 H} NMR spectrum (see Section A5).
The IR spectrum of All reveals an intense stretch at 1661 cm-1, which shifts to 1614 cm-
in 13C labeled All'. Though the ligand gives rise to a large number of stretches between 500 and
1500 cm-, a comparison of the labeled and unlabeled spectra enabled the identification of
additional isotopic shifts from 1105 to 1086 cm- and from 603 to 585 cm- in the 12C and 3 C
spectra, respectively
As carbon monoxide is a common reduction product of CO),2 8 we considered the
possibility that All is an iron carbonyl species. However, the spectroscopic evidence suggests
against formulation of All as a carbonyl compound. A terminal, ril CO bound in place of the
displaced N2 or H2 would not result in the decreased phosphine symmetry observed in the NMR
spectra. While a bridging CO would be consistent with the relatively low IR stretch of 1661 cm-
,29 the existence of additional IR shifts upon isotopic labeling is also inconsistent with the
presence of a CO moiety, which would be expected to have only one IR stretch. The I3 C
chemical shift of 190.8 ppm is further upfield than the reported resonances of both terminal and
bridging CO complexesf 9 a, c Additionally, a carbon atom bound to a paramagnetic metal center
would not be expected to exhibit an observable "C NMR resonance.
An unbridged diiron complex analogous to A9 and A10, in which an rj2 (C,O) side-on
CO 2 moiety is bound in place of the N 2 or H2 ligands, is consistent with the spectroscopic
parameters observed for All. The proposed structure is shown in Scheme A15. The spin states
and general coordination environments of the two iron centers remain the same as those
proposed for A9 and A10; this similarity is borne out in the NMR spectra of All, which have the
same general characteristics as those of A9 and A10. In the proposed structure of All, the
rj2(C,O) binding mode of the CO 2 ligand renders the two equatorial outer ppPh2 phosphines
inequivalent, and imparts a different chemical shift for each of the three phosphines bound to the
iron(0) center. Though the ESI-MS of extremely air-sensitive All contains many peaks, a peak
at M/Z = 1471.0 is consistent with the mass calculated for [POP"h]Fe 2(PMe 3)(CO 2 ).
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Ph2
[POPPh]Fe,Fe(PMe 3)(CO 2)
IR: 1661, 1105, 603 cm-1
Scheme A15. Proposed structure of All.
The IR spectra of All and All' are perhaps the most diagnostic, and support the
assignment of All as a bent, r12 C,O-bound CO 2 adduct. In previously characterized transition
metal complexes featuring a bent CO 2 ligand, the i2 C,O-bound CO 2 adducts in Ni(PR 3)2(CO 2)
exhibit three intense IR bands in the ranges 1700-1650, 1300-1250, and 1250-1200 cm ; in
contrast, the il C-bound CO 2 adducts in [ML 4 (CO2 ) 1 (M = Rh, Ir; L = PMe 2, dmpe, depe, diars)
all exhibit two IR stretches at about 1600 and 1200 cm- 1.30 , 31 The most direct comparisons to
the proposed identity of All are the tetraphosphine iron(0) CO 2 adducts shown in Scheme A16.
Though Fe(PMe 3)4(CO2) was never structurally characterized, the IR stretches at 1620, 1108,
and 612 cm-1 led to its assignment as an 3i2 C,O-bound CO2 adduct. 32 The analogous
Fe(depe)2(CO 2), with similar IR bands at 1630 and 1096 cm-1, was successfully crystallized, and
the solid state structure confirmed the ri2(C,0) binding mode of the CO2 ligand. 33
PMe 3  PEt2
Me 3P",/ Et 2P, 1Fe I FiFe" i Fe
MesP C+ Et.P C
PMe 3  0 -. PEt2 0
Fe(PMe 3)4(CO2) Fe(depe) 2(CO 2)
IR: 1620, 1108, 612 cm 1  IR: 1630, 1096 cm-1
structurally characterized
Scheme A16. Previously characterized iron(0) CO 2 adducts.
As we have not yet been able to obtain crystals of Al1, we cannot rule out an interaction
between the bound CO2 and the second iron center. However, p2-12 or p12-3 bound CO2 moieties
would be expected to have much lower asymmetric C-O stretches, in the range of about 1300-
1500 cm .30c Floriani's Co-salen/alkali metal complexes with bridging CO 2 ligands exhibit
anomalously high stretches between 1600 and 1700 cm-1, but the Lewis acidic nature of the
alkali metals in these complexes renders them a poor comparison to the highly reduced diiron
Al1. 34
While the apparent lack of dimetallic cooperativity in reduced compounds A9, AlO, and
All runs counter to the premise and goals of the dinucleating [PO PPh] scaffold, the properties
and reactivity of these compounds have not yet been thoroughly mapped.
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A2.10 Synthesis of [POP] Ligands with Alkyl Substituents
The difficulty in crystallizing the diiron [pOpPh] compounds, particularly the neutral
reduced species, frustrated attempts at purification and structural characterization of many of
these compounds. We thus sought to synthesize the isopropyl- and cyclohexyl-substituted
H[POP] ligands in order to increase the crystallinity of these compounds. The H[POP''] and
H[POPy] ligands can be accessed in the same manner as H[POPfh]: upon heating the phosphines
HPPP2 or HPPcy2 with HL(CI,Cl), the resulting 3 P{'H} NMR spectra consist of a doublet and a
triplet with 3JP.P couplings of 147 or 156 1z, respectively, confirming the attachment of two
triphosphine arms. Though both ligands were successfully synthesized, their increased solubility
has so far prevented their purification. Preliminary attempts to metallate these ligands under the
same conditions used in the synthesis of A7 resulted in dark red-purple species in both cases.
Though the colors of these species are consistent with formation of analogues of A7, neither the
ESI-MS nor the 3P{ H} NMR spectra provided any evidence of the desired diiron dibromide.
The alkyl-substituted ligands therefore seem unlikely to provide access to the same types of
compounds as Hl[POPPh
A3 Conclusion
The symmetric and asymmetric, dinucleating hexaphosphine ligands, H[POPPh2] and
H[NOPPh], have been synthesized in order to explore the small molecule reactivity of their
dimetallic complexes. The metal compounds of [NOPph] and [pOpPh] demonstrate the flexibility
of this dinucleating ligand scaffold. which is shown to accommodate a range of dimetallic
conformations. Structurally characterized metal-metal distances range from 3.109 A with a
single-atom bridge and 3.496 A with a three-atom bridge to 5.567 A in an unbridged complex
with hydrogen bonding and 7.762 A in a completely unbridged complex. The symmetric, diiron
bridging dibrornide A7 has been shown to provided access to an asymmetric side-on hydrazine
complex, as well as a reduced diiron species which coordinates N 2, H2, and CO 2 . The hydrazine
adduct A8 and the reduced species A9, Al 1. and! All demonstrate that the H[POPfh] ligand can
form asymmetric.. unbridged dimetalli., compounds as well as isoiable reduction products. which
had not been previously accessed with the H(NOSJ ligand. This is likely due to the move to the
triphosphine PPPh 2 armS, which are both stronger donors and softer ligands than the thioethers
and amines in H[NOS]. Though the reduced diiron species have been shown to bind and activate
N2 , H2, and CO 2, we have not yet demonstrated cooperativity between the two iron centers in
activating these small molecules. Future work would focus both on exploring the further
reactivit) of these adducts and on determining whether parallel chemistry is accessible for an
analogous asymmetric system in order to delineate the effects of the asymmetry.
A4 Experimental Section
A4.1 General Considerations
All manipulations were carried out using standard Schlenk or glovebox techniques under
an atmosphere of dinitrogen. Solvents were degassed and dried by sparging with N 2 gas and
passage through an activated alumina column. Deuterated solvents were purchased from
Cambridge Isotopes Laboratories, Inc. and were degassed and stored over activated 3 A
molecular sieves prior to use. 2D2 and 'CO 2 were also purchased from Cambridge Isotopes
Laboratories. Inc. and was used as received out of the lecture bottle. Reagents were purchased
from commercial vendors and used without further purification unless otherwise noted. HL(Cl,Cl)
and HjppPh2 35 were synthesized according to literature procedures.
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A4.2 Spectroscopic Measurements
1H, 'C, 9F, 29 Si, and 3 P NMR spectra were collected at room temperature, unless
otherwise noted, on Varian 300 MHz, 400 MHz, and 500 MHz NMR spectrometers. 'H and 3C
spectra were referenced to residual solvent resonances. 19F and 31P spectra were referenced by
using the "setref' protocol in Varian's VnmrJ software, which derives the chemical shifts from
known frequency ratios of the 19F and 3 1P standards (85% phosphoric acid and
36,37trichlorofluoromethane at 0 ppm, respectively) to the lock signal of the deuterated solvent.
IR measurements were obtained from solid or thin film samples using a diamond ATR accessory
on a Bruker Alpha spectrometer with Bruker OPUS software. ESI-MS spectra were collected on
a Finnigan LCQ ion trap mass spectrometer.
A4.3 X-ray Crystallographic Details
X-ray diffraction studies were carried out at the Caltech Division of Chemistry and
Chemical Engineering X-ray Crystallography Facility on a Bruker three-circle SMART
diffractometer with a SMART I K CCD detector. Data were collected at 100K using Mo Ka
radiation (k = 0.71073 A). Structures were solved by direct or Patterson methods usinSHELXS
and refined against F2 on all data by full-matrix least squares with SHELXL-97. All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms were placed at geometrically
calculated positions and refined using a riding model. The isotropic displacement parameters of
all hydrogen atoms were fixed at 1.2 (1.5 for methyl groups) times the Ueq of the atoms to which
they are bonded.
A4.4 DFT Calculations
All calculations were performed using the Gaussian03 suite. 39 The geometry
optimizations were done without any symmetry restraints at the DFT level of theory using the
B3LYP hybrid functional. The 6-31G (d) basis set was used for all atoms. The full ligand was
used for each calculation, and the minimized structures were verified with frequency calculations.
The starting coordinates for the metal and ligand were taken from the corresponding crystal
structures, when available.
A4.5 Syntheses
Note concerning the lack of combustion data for the reported compounds. This appendix
reports preliminary results and, as such, combustion analyses were not obtained for the
compounds reported. We are confident in our assignments of the identities of compounds Al
through A8, as we were able to characterize them spectroscopically or structurally. The crystals
selected for the X-ray diffraction studies of compounds A3, A4, A7a, and A8 were
representative of the respective batches of crystals grown. The identities of the reduced species
A9, A10, and All, have not been confirmed, though proposed structures are presented above.
While we have not yet been able to satisfactorily purify these species, their syntheses are
reported here for completeness.
Synthesis of H[NOPPh] (Al).
Under a dinitrogen atmosphere, HL(py,Cl) (72 mg, 196 ptmol) and HPPPh2 (109 mg, 196 pmol)
were suspended in DME in a Schlenk tube. A catalytic amount of Nal (2 mg, 13 pmol) and an
excess of NEt3 was added with no visible change. The tube was sealed and heated to 90 C
overnight. Volatiles were removed from the resulting orange-yellow solution/suspension to yield
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a yellow solid, which was washed with Et 20, pentane, and MeCN to afford H[NOPph ] as a
yellow solid (30 mg, 17%). 'H NMR (CD 2Cl 2, 6): 10.96 (br s, ArO-H, 1H), 8.56 (in, 2H), 7.58
(m, 3H), 7.53 (m, 3H), 7.32 (m, 3H), 7.20 (m, 16H), 7.01 (m, 6H), 6.96 (m, 3H), 6.62 (s, 2H),
313.79 (s, 4H), 3.70 (s, ArCH2, 2H), 3.18 (s, ArCH 2, 2H), 2.06 (s, Ar-CH3, 3H). P NMR (CD 2Cl2,
6): -14.9 (d, 3Jpp = 145 Hz, 2P), -22.9 (dd, 3JP = 152 Hz, 3JP.P = 138 Hz, IP).
Synthesis of HL(CHO,PP h2) (A2).
Under a dinitrogen atmosphere, 2-(chloromethyl)6-carbaldehyde-4-methylphenol (14 mg, 76
pmol) and HPPPh2 (42 mg, 76 pmol) were dissolved in THF. Excess NEt 3 was added to the
yellow solution, and the reaction mixture was sealed and heated at 60 'C overnight. Volatiles
were removed from the resulting yellow suspension and the remaining solids were dissolved in
C6H6 and filtered. Volatiles were removed from the filtrate to afford HL(CHO,PPPh2 ) as a yellow
solid (53 mg, 100%). 'H NMR (CD 2Cl 2, 6): 11.15 (s, CHO, IH), 9.72 (s, ArO-H, IH), 7.47 (m,
2H), 7.36 (s, 111), 7.27 (m. 7H), 7.16 (m, 12H), 7.03 (br s, 611), 7.00 (m, 2H), 3.19 (s, ArCH2,
2H), 2.14 (s, ArCH3, 3H). 3 P NMR (CD 2C 2 , 8): -14.7 (d. Jrp = 147 Hz, 2P), 23.0 (dd, 3JpP =
153 Hz, 3Jp.p = 139 Hz, IP).
Synthesis of {[NOPPh jFe20Ac2}{BPh 4} (A3).
Under a dinitrogen atmosphere, H[NOPPh] (8 mg, 9 pmol) and Fe(OAc)2 (3 mg, 18 pmol) were
dissolved in 3 mL MeOH and stirred at room temperature for 30 minutes. NaBPh 4 (6 mg, 18
mol) was added to the resulting dark red-purple solution which was then stirred at RT overnight.
Dark red-brown solid was precipitated out by reducing the volume of the solution by half. The
solid was isolated, washed with minimal MeOH, then dissolved in CH 2 Cl 2 and filtered. Volatiles
were removed from the filtrate to afford { [NOPP']Fe 2OAc 2 { I BPh 4} as a dark red solid. Dark red
crystals suitable for X-ray diffraction were grown by cooling a pentane/minimal CH 2 Cl 2 solution
to -35 0C. 'H NMR (CbDs, 6): 78.1, 55.0, 52.3, 47.6, 45.9, 43.4, 39.8, 30.9, 30.8, 27.5, 27.1, 24.8,
20.1, 19.3, 18.8, 16.0, 14.8, 14.2, 13.3, 12.9, 12.2, 10.63, 10.59, 10.24 (m), 10.11 (m), 10.02 (d, J
8.0 Hz), 9.73 (m), 9.20 (m), 8.55 (br s), 8.30 (m), 7.90 (in), 7.87 (s), 7.71 (br s), 7.64 (m), 7.43
(m), 7.36 (s), 7.25 (s, o-.BPh4, 8H), 6.99 (in, n-BPh., 8H), 6.86 (m, p-BPh 4 , 41), 6.78 (t, J= 7.4
Hz), 6.65 (br s), 6.48 (t, J= 6.8 Hz), 6.30 (br s), 6.05 (m), 5.91 (s), 5.54 (s), 5.28 (in), 5.11 (m),
4.58 (m), 4.52 (m), 4.40 (m), 3.97 (m), 3.89 (s), 3.48 (s), 3.33 (s), 3.08 (m), 2.77 (in), 2.05 (s),
1.99 (s), 1.95 (s), 1.82 (in), 1.67 (s), 1.43 (s), 1.38 (s), -5.1, -10.2. eff (Evans' method, C6 D6):
2.46 PB. UV-vis (in THF; nm, - [Mcm-1 ]): 445 (sh, 1786), 55! (1430).
Synthesis of H[POPPh] (A4).
Under a dinitrogen atmosphere, HL(CI,Cl) (93 mg, 452 pmol) and HPPPh 2 (501 mg, 903 ptmol)
were dissolved in 50 mL THF and the orange-yellow solution was transferred to a Schlenk tube.
2mL NEtb was added to the solution, which immediately became pale purple and cloudy. The
tube was sealed and heated to reflux overnight. Within 30 minutes of heating, the reaction
mixture became a cloudy, yellow-orange suspension. After 18 hrs at reflux, the reaction mixture
was cooled to RT and volatiles were removed under vacuum. The remaining orange-yellow
residue was dissolved in C6 H and filtered through Celite. Volatiles were removed from the
orange filtrate to afford H[POPPh] as a yellow-orange solid (560 mg, 100%). Colorless crystals
suitable for X-ray diffraction were grown by slow evaporation of an Et2O solution. 'H NMR
(C(.D6 , 5): Note: phenclic proton was not observed in the spectrum. 7.60 (m, 6H), 7.31 (m. 811),
7.24 (m, 8H), 7.19 (,m, 4H), 6.99 (m, 24H). 6.88 (t, .J= 7.2 Hz, 4H), 6.80 (s. 2H), 3.69 (s,. ArCH2,
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4H), 1.90 (s, Ar-CH 3, 3H). "P{'H} NMR (CD 6, 6): -14.4 (d, 3 Jpp = 154 Hz, 4P), -26.7 (dd, Jr.p
158 Hz, 3Jep = 149 Hz, 2P).
Synthesis of Na[POPPhj (A5).
Under a dinitrogen atmosphere, H[POPPh] (713 mg, 574 pmol) and NaO'Bu (63 mg, 632 pmol)
were dissolved in C6H6 and stirred at RT overnight, resulting in a yellow-orange solution with an
off-white precipitate. Volatiles were removed under vacuum and the resulting yellow-orange
solid was dissolved in C6 H6 and filtered through Celite. Volatiles were removed from the yellow-
orange filtrate to afford mostly-clean Na[POPPh1) as a yellow-orange solid (530 mg, 73%). The
remaining off-white solid was dissolved in THF and filtered, and volatiles were removed from
the yellow filtrate to yield spectroscopically clean Na['PO PPh] as a yellow solid (187 mg, 26%).
H NMR (C6D 6 , 6): 7.49 (br s, 6H), 6.97 (m, 20H), 6.91 (br s, 20H), 6.77 (im, 8H), 6.38 (br s, 2H),
3.38 (br s. ArCH2, 4H). 1.93 (br s, ArCH3, 311). 3 P{H} NMR (C6 D6, 6): -14.8 (d, J = 16 Hz, 2P),
-15.9 (s, 2P), -12.0 (dd, 3J-p= 155 Iz. 'Jr.p.. 136 Hz, 21).
Synthesis of {[POPP"]]Fe2Br2}{BAr F4} (A7a).
Under a dinitrogen atmosphere, Na[POP] (357 mg, 283 pinol), FeBr2 (i22 mg, 565 umol), and
NaBAr'4 (251 mg, 283 pimol) were dissolved in 5 mL THF and stirred at RT overnight. Volatiles
were removed from the dark purple solution and the remaining residue was re-dissolved in C6H6
and lyophilized. The resulting dark purple solid w as dissolved in C4s and filtered through
Celite then fiberglass filters in a pipette, leaving some brown residue behind. The dark purple
filtrate was lyophilized to afford {[POPh']Fe 2Br2}{BAr' 4 } as a dark purple solid (575 mg, 86%).
Dark purple crystals suitable for X-ray diffraction were grown by slow evaporation of an Et 2O
solution. 'H NMR (C6D6 , 8): 8.45 (s. o-BAr'4 , 811), 8.33 (t, J= 8 6 Hz, 4 H), 7.91 (m, 2 H), 7.68
(s, p-BArF4 , 4H,), 7.65 (m, 2H), 7.43-7.28 (m, 12H), 7.08 (t, J= 7.4 Hz,. 411). 095 (q, .= 7.4 Hz,
6H), 6.75-6.65 (m, 8H), 6.57 (t, J= 7.2 Hz, 811), 6.12 (t, .1= 7.4 Hz, 2H), 604 (s, 2H), 5.68 (t, J
= 7.6 Hz, 41), 5.23 (t, J= 8.6 Hz, 4H), 2.99 (dd, J 19.4 Hz, J= 13.8 Hz, ArCH 2, 2H). 2.00 (1. 
= 10.8 Hz, ArCH2, 211), 1.82 (s. ArCH 3, 3H). "C'H} NMR (C6 D6 , 6). 163.2 (q, 'kJ.c = 50 Hz),
161.9 (s), 153.2 (im), 145.8 (m), 144.1 (m), 142.9 (m), 138.0 (br s). 137.0 (s), 136.8 (s), 135.8 (s),
134.7 (s), 134.3 (s), 134.0 (s), 133.6 (s), 133.1 (s), 1325 (s), 132.0 (Im), 131.5 (s). 131.1 (s); 131.0
(s), 130.7 (s), 130.4 (s), 130.1 (s), 129.7 (s). 127.0 (s), 126.8 (s). 126.3 (s), 124.3 (s), 28.2 (m),
20.8 (s), 20.2 (s). 31P{iH} NMR (C6D6, 6): 148.7 (dd, J= 49 Hz, J= 39 Hz, 2P), 96.2 (t, J= 49
Hz, 2P), 62.6 (t, J= 42 Hz, 2P). UV-vis (in TIF; nrn, , [Menfiem): 428 (sh. 1814), 558 (1522),
690 (sh, 375).
Synthesis of {[POPPhIFC2Br 2}{BPh 4} (A7b).
Under a dinitrogen atmosphere, Na[POP] (915 mg, 724 pmol), FeBr2 (312 mg, 1.449 mmol), and
NaBPh4 (248 mg, 724 Rmol) were dissolved in 10 mL THF and stirred at RT overnight. Volatiles
were removed from the dark purple solution and the remaining residue was re-dissolved in C6H6
and lyophilized. The resulting dark purple solid was washed with C6H6 and Et20, then dissolved
in THF and filtered through Celite. Volatiles were removed from the dark purple filtrate to afford
{[POPPh ]Fe2Br2}{BPh4} as a dark purple solid (1.303 g, 98%). 'H NMR (C6D6/THF, 6): Note:
The peaks from the THF required to get the compound into solution obscure many of the
broadened compound peaks. 8.39 (m, 4H), 8.34 (s, o-BPh 4, 8H), 8.07 (m, 211), 7.70 (m, 2H),
7.40 (s, m-BPh 4, 8H), 7.35 (m, 12H), 7.25 (s, p-BPh,. 4H), 7.03 (m, 61), 6.69 (m, 41), 6.67 (m,
8H), 6.56 (m, 8H), 6.21 (s, 2H), 6.11 (t, J= 7.20 Hz, 2H), 5.71 (t, J = 7.60 Hz, 4H), 5.29 (t, J
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8.40 Hz, 4H), 3.18 (m, ArCH 2, 2H), 2.01 (m, ArCH2, 2H), 1.83 (s, ArCH3, 3H). 3P{'H} NMR
(C6D/THF, 6): 148.6 (dd, J= 49 Hz, J= 39 Hz, 2P), 95.9 (t, J= 48 Hz, 2P), 62.4 (t, J= 41 Hz,
2P).
Synthesis of {[POPPh]FeBr,FeBr(N 2H4 }{BArF4} (A8).
Under a dinitrogen atmosphere, {[P O P' ]Fe2 Br 2} {BArF4} (50 mg, 21 imol) was dissolved in 3
mL THF. To this dark purple solution was added N2H4 (0.14 mL, 0.16 M in Et 20, 23 Rmol) and
the resulting red-purple solution was stirred at RT overnight. Volatiles were removed and the
remaining red-purple residue was re-dissolved in C6H6 and lyophilized. The resulting red-purple
solid was dissolved in C6H6 and filtered through a fiberglass filter in a pipette. The filtrate was
lyophilized to afford {[POPPh]FeBr,FeBr(N 2H4)} {BArF4} as a red-purple solid (38 mg, 76%).
Dark red crystals suitable for X-ray diffraction were grown by diffusing pentane into a
MeCy/minimal toluene solution at -35 0C. 'H NMR (C6D6, 6): 23.9, 18.4. 17.2, 15.3, 13.8, 11.4,
8.5, 7.7, 7.5, 7.3, 7.1, 7.0, 6.9, 6.8, 6.7, 6.6, 6.5, 6.4, 4.7, 4.2, 1.9, -3.7, -3.9, -5.7, -12.4. 3C{'H}
NMR (C6 D6 , 6): 163.2 (q, 'JB-c = 50 Hz), 151.5 (s), 145.9 (s), 139.8 (s), 139.4 (s), 138.2 (s),
137.8 (s), 137.1 (s), 135.9 (s), 134.7 (s), 133.9 (s), 133.7 (s), 133.4 (s), 132.7 (s), 132.4 (s), 132.0
(s), 131.7 (s), 130.5 (s), 130.2 (s), 129.7 (s), 127.0 (s), 124.3 (s), 121.6 (s), 118.8 (s), 118.2 (s),
117.2 (s). '9F{ H} NMR (C6D6, 6): -62.1 (s). 31P{ -1} NMR (C61D6, 6): 207.0 (br s, lP), 87.5 (s,
IP), 85.2 (s, IP). UV-vis (in THF; nm, F [M- cm-1]): 412 (sh, 3585), 527 (2647), 675 (sh, 987).
IR (thin film on ATR, cm'): 3285 (VN-H), 3151 (vN-H). peff (Evans' method, C6 D6 ): 1.92 RB.
Note concerning the 3P NMR integrals of the following compounds: The 31P NMR peak
integrals may be off by a factor of two if the observed peaks represent all six ligand phosphorus
atoms instead of only the three from one side of the ligand, as is assigned. Attempts to integrate
versus an internal triphenylphosphine standard, assuming a reasonable molecular weight,
indicate that the assigned integrals are correct.
Synthesis of reduced diiron complex (A9).
Under a dinitrogen atmosphere, {[POPPh]Fe 2Br 2} {BPh 4} (36 mg, 20 Rmol) was dissolved in 5
mL THF and transferred over sodium amalgam (1.4 mg Na in 259 mg Hg, 60 Rmol). PMe 3 (0.08
mL, I M in THF, 80 pmol) was added via syringe and the reaction mixture was stirred at RT
overnight. Volatiles were removed and the remaining red-brown residue was re-dissolved in
C6H6 and lyophilized. The resulting brown solid was dissolved in C61H6 and filtered through
Celite. The filtrate was lyophilized to afford A9 as a brown solid (29 mg). 'H NMR (C6D6, 6):
8.4, 7.4, 6.9, 6.8, 5.2, 0.9. 3 1P'H} NMR (C6D6, 6): 74.0 (br m, 2P), 28.3 (br m, IP). IR (thin film
on ATR, cm'): 1963 (vN-N).
Synthesis of product of H 2 addition to A9 (A10).
Under a dinitrogen atmosphere, A9 (10 mg) was dissolved in 0.5 mL C6 D6 and transferred to a J.
Young tube. The brown solution was freeze-pump-thawed three times with no visible change,
then exposed to I atm H2. The tube was sealed and rotated at RT overnight, resulting in a brown
solution of A10 as a brown powder. 'H NMR (C6D6, 6): 8.2, 7.0, 6.9, 6.7, 5.8, 5.2, 1.3, -11.8.
31P{ 'H} NMR (C6D 6 , 6): 96.9 (s, 2P), 22.3 (br s, 1P).
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Synthesis of product of D2 addition to A9 (AlO').
Under a dinitrogen atmosphere, A9 (28 mg) was dissolved in 0.5 mL C6D6 and transferred to a J.
Young tube. The brown solution was freeze-pump-thawed three times with no visible change,
then exposed to 1 atm D2. The tube was sealed and rotated at RT overnight, resulting in a brown
solution of Al0'. ' H NMR (C6D6 , 6): 8.2, 7.0, 6.9, 6.7, 5.7. 5.2, 1.3. 2H NMR (C6D6 , 6): -11.8 (br
s). 3 1P{ H} NMR (C6 D6 , 6): 96.0 (s, 2P), 22.6 (br s, IP).
Synthesis of product of HD addition to A9 (A10").
Under a dinitrogen atmosphere, A9 (9 mg) was dissolved in 0.5 mL toluene-d8 and transferred to
a J. Young tube. The brown solution was freeze-pump-thawed three times with no visible change,
then exposed to ca. I atm HD, generated from the reaction of excess LiAlH4 and D20. The tube
was sealed and rotated at RT overnight, resulting in a brown solution of A10". 'II NMR (C6 D6 ,
6): 8.2. 7.0, 6.9, 6.7, 5.7., 5.2, 1.3. 31P{'H} NMR (CD 6, 6): 96.7 (s. 2P), 22.1 (br s. IP).
Synthesis of product of CO2 addition to A9 (Al1).
Under a dinitrogen atmosphere, A9 (25 mg) was dissolved in 0.5 mL C6D6 and transferred to a ..
Young tube. The brown solution was freeze-pump-thawed three times with no visible change,
then exposed to I atm CO 2 . The tube was sealed and rotated at RT overnight. Volatiles were
removed from the resulting brown solution and the remaining solids were dissolved in C6H6 and
filtered. The brown filtrate was lyophilized to afford All as a brown powder. 1H NMR (C6D6 , 6):
9.3, 8.3, 7.3, 7.0, 6.9. 6.6, 6.5, 6.2, 5.5, 1.0. 31P{ 'H} NMR (C6 D6 , 6): 94.0 (s, !P), 62.9 (s, IP).
16.4 (br s, IP). IR (thin fiim on ATR, cm-): 1661 (vc-o).
Synthesis of product of "3CO2 addition to A9 (Al ').
Under a dinitrogen atmosphere, A9 (22 mg) was dissolved ir 0.5 mL C6D6 and transferred to a J.
Young tube., The grown solution was freeze-pump-thawed three times with no visible change,
then exposed to 1 atm CO2. The tube was sealed and rotated at RT overnight. Volatiles were
removed from the resulting brown solution and the remaining solids were dissolved in C6H and
filtered. The brown filtrate was lyophilized to afford All' as a brown powder. 'H NMR (CD 6,
6): 9.29, 8.26, 7.39, 7.30, 7.04, 6.92, 6,61, 6.50, 6.25, 5.5, 1.0. I'C NMR (C6 D6 , (): 190.8 (s).
'
1P{ 1H} NMR (CD6 , 6): 94.1 (s, IP), 63 0 (s, IP). 16.5 (br s, IP). JR (thin film on ATR, cm'):
1614 (ve.o).
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Figure A16. 1H (left) and { H 3 1P (right) NMR spectra of A2 with selected peak
assignments.
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Table Al. Crystal data and structure refinement for A3.
Identification code ctl 3
Empirical formula C87 H79 B C14 Fe2 N3 05 P3
Formula weight 1603.75
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/n
Unit cell dimensions a = 16.2031(10) Ac= 90'.
b = 25.4209(16) A = 95.4120(10)
c = 18.6598(12) A y 900.
Volume 7651.7(8) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.00'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
4
1.392 Mg/m 3
0.638 mm-1
3328
0.25 x 0.23 x 0.04 mm 3
1.36 to 27.67'.
-20<=h<=19, -32<=k<=32, -23<=l<=23
146754
15784 [R(int)= 0.1133]
100.0%
Semi-empirical from equivalents
0.9749 and 0.8568
Full-matrix least-squares on F2
15784 / 0 / 982
1.012
RI = 0.0623, wR2= 0.1466
RI = 0.1256, wR2 0.1760
0.716 and -0.618 e.A-3
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Table A2. Bond lengths [A] and angles [0] for A3.
Fe(1)...Fe(2) 3.496
Fe(1)-O(1) 2.103(2)
Fe(1)-N(1) 2.209(3)
Fe(1)-N(2) 2.195(3)
Fe(1)-N(3) 2.222(3)
Fe(1)-O(11A) 2.119(3)
Fe(1)-0(21A) 2.034(3)
Fe(1)-Cl(1) 2.576(19)
Fe(2)-O(1) 2.025(2)
Fe(2)-P(1) 2.2767(11)
Fe(2)-P(2) 2.1988(11)
Fe(2)-P(3) 2.1107(11)
Fe(2)-O(12A) 2.031(3)
Fe(2)-0(22A) 2.033(3)
Fe(2)-Cl(1) 2.424(18)
0(1)-Fe(1)-N(1) 162.21(11)
0(11A)-Fe(1)-N(2) 166.12(12)
0(21A)-Fe(1)-N(3) 166.25(11)
N(2)-Fe(1)-Cl(1) 155.4(4)
0(1)-Fe(2)-P(1) 166.02(8)
0(22A)-Fe(2)-P(2) 173.77(8)
0(12A)-Fe(2)-P(3) 178.29(9)
P(3)-Fe(2)-Cl(1) 159.5(5)
Fe(1)-O(1)-Fe(2) 115.77(11)
Fe(1)-CI(1)-Fe(2) 88.67(61)
0.9
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0.5-
0.4
0.3
0.2
0.1
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Figure A17. UV-visible spectrum of A3. km, = 464 nm, F- 931 cm- M- .
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Figure A18. DFT optimized HOMO (left) and LUMO (right) of the diiron cation of A3.
Figure A19. DFT optimized spin density of the diiron cation of A3.
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Table A3. Comparison of distances (A) and angles (0) between X-ray and DFI
optim ized geom etry of the cation of A 3. ri e taFT O _i  e
Ee -e2 I Experimental DFT OptimizedI
_FelI_-Fe2_ 3.496 3.473
Fel-Ol-Fe2 115.77 115.48
Fel-Ol 2.103 2.000
Fel-NI 2.209 1.970
Fe I-N2 2.195 1.957
Fel-N3 i 2.222 2.032
Fel-O1IA 2.119 1.992
Fei -021A 2.034 1 992
Fe2-01 2025 2107 
Fe2-PI 2 277 3.819
Fe2-P2 2,199 2.342
Fe2-P3 2.11 _ 2.342
_2-O2A .031 1.968
Fe2-022A 2.033 1.949
Table A4. DFT geometry optimized energy.
coordinates of the cation of A3.
E(RB+HF-LYP) (a.u.):
Lowest frequency:
3.317500
-0.071400
2.785100
0.533500
1.689600
1.725800
1.182500
2.751800
1.215600
2.245200
0.032800
1.021100
0.704300
-0.324200
1.400100
0.830400
2.758800
2.960700
1.881800
3.609400
2.533100
1.547300
-0.928500
-0.186,400
-0.626600
-0.440300
-0.550700
-0.590400
-1.473800
-0.62 8400
0.288300
-2.603900
-2.132800
-2.928800
-4.4 3300
-4.602900
-4.971800
-4.776500
5.016100
4.818100
5.674600
5.577700
3.737200
2.820 100
lowest calculated frequency. and atomic
-6449.37581456
2.03
-0.21000
-0,447600
-2.186800
-2.283100
-2.805700
-4.322100
-4.675400
-4.691300
-4.729500
-0.175400
-0.173300
-0.185 100
-0.223500
0.088500
0.408700
-1 .250900
3.315600
4.375500
3.276200
2.916400
2.542100
2.932500
0.952700
.323600
0.362300
-.0062500
0.903400
2.076100
1.825300
3.093500
3.921900
3.292300
4.653800
3.308000
4.095900
-3.702700
-3.090200
-3.722800
-4.582200
-3.268000
-3.776000
.161200
-1.796300
-1.512200
3 .028300
.626500
0.5 93000
0.917800
-0.346700
1.337200
0.223200
2.23680(0
1.924700
1.837900
2726200
3.407700
4.089000
-1.159300
- .759000
-2.816800
-3.294200
.3.272400
-4.093700
-2.665300
-3.004600
-!.618500
3.820800
2.243600
2.768600
3.723600
2.934700
1.078900
0.374100
0.691600
-0.524800
-1.415100
-0.700600
1.426600
1.108000
0.224400
1.872700
2.541000
2.080000
3.777300
4.275000
4.366300
5 .33 1900
3.711900
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Fe
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H
H
H
0
0
C
C
H
H
H
C
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C
C
-0.650000
-1.955200
-5.320400
-5.768600
-5.185600
-6.971400
-7.303200
-7.749200
-8.687900
-7.312600
-7.911400
-6.105700
-5.774000
-4.195700
-5.505400
-6.312000
-5.785000
-6.804800
-4.762400
-4.982900
-3.455400
-2.655200
-3.173700
-2.154500
-1.220800
-2.013400
-2.606100
-2.553800
-3.246900
-3.705800
-3.300400
-3.810400
-2.681700
-2.706800
-2.024300
-2.562000
-3.740500
-3.935700
-4.689200
-5.596500
-4.476800
-5.216800
-3.311000
-1.173300
-1.152500
-0.368400
-0.136200
-0.485700
0.535500
0.702100
0.979700
1.495400
0.756700
1.098500
0.100200
-0.055000
-2.745500
-3.246800
-2.698600
-4.447500
-4.822800
-5.163500
-6.096500
-4.671700
-5.222100
-3.468500
-3.090400
1.757000
2.485800
3.757200
4.400800
4.210100
5.194500
3.399100
3.746800
2.149900
1.530500
1.691600
1.481600
2.241700
2.984700
2.036900
2.634700
1.069500
0.912600
0.302900
4.193800
2.461800
0.646500
1.955200
2.800800
2.188200
3.209800
1.119600
1.302600
-0.188600
-1.028900
-0.423100
-1.446200
-0.593700
-0.631800
-0.155000
-1.288800
-1.310900
-1.912000
-2.423300
-1.880300
-2.368400
-1.233500
-1.213500
-1.069300
0.426000
0.455600
-0.417600
1.608500
1.619600
2.744600
3.638400
2.738100
3.631000
1.589100
-2.309100
-2.337000
-1.572700
-3.339600
-3.347800
-4.323500
-5.103300
-4.297500
-3.141600
-2.357900
-1.452500
-0.226700
-0.147500
-0.726400
0.657100
0.700200
1.390900
2.008500
1.322900
1.889400
0.524600
0.484100
-1.002300
5.438900
6.347100
4.813200
5.763000
4.832900
6.900300
7.628800
7.081800
7.959100
6.119800
6.220100
5.013800
4.227400
5.5 19300
5.723900
6.482300
4.931800
3.968200
5.404800
6.173200
4.881100
5.235500
3.896500
3.463700
3.465400
2.707200
4.636300
-0.457900
0.503300
-0.094700
3.129200
3.309300
2.676500
4.315500
4.451000
5.152700
5.942300
4.974200
5.620900
3,966100
3.839900
0.162000
0.326500
0.943500
0.572300
-1.147600
-1.930900
-1.677700
-1.016000
-3.061300
-3.499300
-3.866000
-4.946100
-3.264000
-3.835200
0.586600
1.603400
0.148000
-0.252500
-1.122800
-0.185900
0.536200
-1.050600
-1.017200
-1.958900
-2.659300
-1.959000
-2.644700
0.613600
-5.054400
-3.297500
-3.284500
-1.793000
-3.182800
-3.847800
-3.719100
-4.796300
-2.877200
-3.296200
-1.494200
-0.830100
-0.952600
0.124600
1.570400
-1.618900
-1.663000
-2.480000
-1.649000
-1.052400
-2.249900
-2.708600
-2.255200
-2.721600
-1.646700
-1.625600
-1.054200
-0.575200
0.811600
1.162700
0.526700
1.919500
1.544400
3.228000
3.487300
4.186500
5.212200
3.797600
4.504300
2.476400
2.119900
-0.397200
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Table A5. Crystal data and structure
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(OOO)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 24.95'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2signa(1)]
R indices (all data)
Largest diff. peak and hole
refinement for A4.
ct20
C81 H66 0 P6
1241.16
100(2) K
0.71073 A
Monoclinic
C2/c
a = 69.992(7) A
b = 10.0619(9) A
c = 19.0486(16)
13232(2) A3
8
a90'.
= 99.472(6)0.
y=90 .
1.246 Mg/m 3
0.210 mn-1
5200
0.30 x 0.15 x 0.07 mm3
1.77 to 24.95'.
-78<=h<=78. -9<=k<=] 1. -22<=<= 18
49123
9158 [R(int) = 0.2129]
79.0 %
Semi-empirical from equivalents
0.9855 and 0.9398
Full-matrix least-squares on F1
9158 / 0/777
0.732
Rl = 0.0683, wR2 = 0.1537
RI = 0.2007, wR2 = 0.1959
0.447 and -0.355 e.A-3
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Table A6. Hydrogen bonds for A4 [A and C].
D-H...A d(D-H) d(H...A)
O(1)-H(1)...P(34) 0.98(7) 2.66(6)
Table A7. Crystal data and structure refinement for A6.
Identification code ct23
Empirical formula C85 H65 Cl II Co2 0 P6
Formula weight 1796.00
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1
Unit cell dimensions a = 10.894(2) A
b = 17.586(4) A
c =22.123(4) A
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflecdoins
Completeness to theta = 25.06"
Absorption correction
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [1>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
a = 87.841(9)0.
= 87.476(6) .
y= 73,661(7)0.
4061.8(14) A3
2
1.468 Mg/m 3
0.935 mm-
1828
0.15 x 0.06 x 0.02 mm 3
1.50 to 25.160.
-1 <=h<=12, -1 3<=k<=21, -25<=l<=21
18i59
9601 [R(int)= 0.0748]
67.2 %
Semi-empirica! from equivalents
Full-matrix least-squares on F2
9601 / 0 / 927
1.157
R1 0.0819, wR2 = 0.1906
R = 0.1558, wR2 = 0.2194
2.360 and -1.843 e.A-3
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d(D...A)
3.274(5)
<(DHA)
121(4)
Table A8 Bond lengths [A] and angles [*] for A6.
Co(1)---Co(2) 7.762
0(1)-Co(1) 1.950(7)
Co(1)-P(12) 2.109(3)
Co(1)-P(1) 2.207(3)
Co(1)-P(2) 2.234(4)
Co(1)-Cl(1) 2.271(3)
P(12)-Co(1)-Cl(1) 177.17(13)
0(1)-Co(1)-P(1) 133.5(2)
0(1)-Co(1)-P(2) 117.8(2)
P(1)-Co(1)-P(2) 108.28(12)
Co(2)-P(34) 2.157(3)
Co(2)-P(3) 2.186(3)
Co(2)-P(4) 2.280(3)
Co(2)-Cl(2) 2.289(3)
Co(2)-Cl(3) 2.262(3)
P(34)-Co(2)-P(3) 85.31(11)
P(34)-Co(2)-Cl(3) 172.83(12)
P(3)-Co(2)-Cl(3) 91.59(11)
P(34)-Co(2)-P(4) 86.06(11)
P(3)-Co(2)-P(4) 105.36(12)
Cl(3)-Co(2)-P(4) 101.00(11)
P(34)-Co(2)-Cl(2) 86.83(12)
P(3)-Co(2)-CI(2) 147.78(12)
Cl(3)-Co(2)-Cl(2) 92.42(11)
P(4)-Co(2)-Cl(2) 105.19(11)
0.9
0.8.
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Figure A20. UV-visible spectrum of compound formulated as {[POPh ]Fe 20Ac2}{BPh4}.
Xmax = 554 nm, , = 1554 cm~1 M~1.
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Table A9. Crystal data and structure refinement for A7a.
Identification code ct26
Empirical formula C128 H113 B Br2 F24 Fe2 0 P6
Formula weight 2591.33
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2/c
Unit cell dimensions a = 45.651(5)^ a = 90'.
b = 18.2593(18)^ p = 109.302(2)0.
c = 29.688(3) A 90.
Volume 23356(4) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.00'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(1)]
R indices (all data)
Largest diff. peak and hole
8
1.474 Mg/in 3
1.105 mm-1
10576
0.49 x 0.23 x 0.11 mm 3
1.21 to 29.22'.
-59<=h<=61, -25<=k<=24, -40<=l<=39
184090
29754 [R(int) = 0.0919]
100.0 %
Semi-empirical from equivalents
0.8881 and 0.6135
Full-matrix least-squares on F2
29754 /21 / 1484
1.081
RI = 0.0573. wR2= 0.1459
RI = 0.1077, wR2 = 0.1756
1.444 and -0.980 e.A- 3
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Table A10. Bond lengths [A] and angles [0] for A7a.
Fe(1)...Fe(2) 3.109
Fe(1)-O(1)-Fe(2) 101.26(10)
0(1)-Fe(1) 2.001(2)
Fe(1)-P(12) 2.1073(10)
Fe(1)-P(1) 2.2000(10)
Fe(l)-P(2) 2.2293(10)
Fe(1)-Br(1) 2.4966(6)
Fe(l)-Br(2) 2.5325(6)
P(12)-Fe(1)-Br(1) 167.00(3)
0(1)-Fe(1)-P(2) 162.02(8)
P(J )-Fe(1)-Br(2) 177.14(3)
0(1)-Fe(2) 2.021(2)
Fe(2)-P(34) 2,1085(10)
Fe(2)-P(3) 2.2018(10)
Fe(2)-P(4) 2.2665(10)
Fe(2)-Br(l) 2.5302(6)
Fe(2)-Br(2) 2 S538(6)
P(34)-Fe(2)-Br(2) 163.45(4)
P(3)-Fe(2)-Br(l) 177.24(3)
0(1)-Fe(2)-P(4) 159.54(7)
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Figure A21. 1H/ H gCOSY NMR spectrum of A7a.
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Figure A22. H/"13C HSQC NMR spectrum of A7a. 'H shifts along horizontal axis; 3 C
shifts along vertical axis.
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Figure A23. 'H/3 1P HMBC NMR spectrum of A7a. 'H shifts along horizontal axis; 31P
shifts along vertical axis. 'H peaks belonging to the phenyl rings on phosphine z (see
Figure A9) appear to be correlated to a 31P chemical shift of 188 ppm, which is not
observed in the 31P{'H} NMR spectrum; this correlation may be an artifact due to close
interactions with the bridging bromide atoms.
159
-50
-60
-70
-90
100
110
120
130
.140
-150
-160
-170
-180
-190
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4,0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
Figure A24. 'H NMR spectra of A7a (top, blue) and A7b (bottom, red).
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Figure A25. 3 P{1H} NMR spectra of A7a (top, blue) and A7b (bottom, red).
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Figure A26. UV-visible spectrum of A7a. max, = 558 nm, , = 1522 cm' M~'.
Experimental DFT Optimized
Fel-Fe2 3.109 3.161
Fel-O1-Fe2 101.26 102.39
Fel-01 2.001 2.029
Fe2-01 2.021 2.027
Fel-P12 2.107 2.153
Fe2-P34 2.109 2.147
Fel-PI 2.200 2.274
Fe2-P3 2.202 2.268
Fel-P2 2.229 2.361
Fe2-P4 2.267 2.391
Fel-Brl 2.497 2.575
Fel-Br2 2.533 2.546
Fe2-Brl 2.530 2.528
Fe2-Br2 2.554 2.565
angles (0) between X-ray and DFTTable All Comparison of distances (A) and
optimized geometry of the cation of A7.
Table A12. DFT geometry optimized energy, lowest calculated frequency, and atomic
coordinates of the cation of A7.
E(RB+HF-LYP) (a.u.):
Lowest frequency:
C
H
H
H
C
C
H
C
0.004300
-0.824400
0.934000
-0.076100
-0.009300
0.650400
1.151700
0.646500
-6.934000
-7.331500
-7.323600
-7.354700
-5.422500
-4.708800
-5.256100
-3.312500
-12919.83609420
20.19
0.060400
0.655500
0.496300
-0.948300
0.035900
-0.971200
-1.767800
-1.017600
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400 500 600 700 800 900 1000
wavelength (nm)
C
H
H
C
0
C
C
H
1.260100
0.491400
1.757100
0.008200
0.011900
-0.637600
-1.234400
-0.453600
-2.581900
-2.048900
-3.287600
-2.583400
-1.233600
-3.287400
-2.527100
-1.989300
-2.189600
-2.760600
-2.863400
0.012700
0.004100
1.053600
2.213100
2.762200
-1.728600
-0.661500
-1.174700
1.590300
-1.561400
2.428000
2.997600
4.078600
5.064500
5.208000
5.850600
6.613900
5.654800
6.270900
4.652500
4.491400
3.856900
2.351700
1.943300
1.995100
1.483200
1.185000
1.418000
1.074100
1.801000
1.746400
2.257700
2.538300
4.123700
3.539400
2.477700
4.307700
3.830500
5.676900
6.276700
6.271400
7.339900
5.503500
5.998600
3.090600
3.349700
3.944000
4.274200
4.128400
4.576300
3.743700
-3.213900
-4.685200
-5.213300
0.033500
0.040700
-1.278200
-0.898600
-2.093600
-2.890200
-2.852400
-3.750200
-4.355300
-3.837800
-4.503900
-3.083300
-3.168400
-2.217600
-1.940600
-1.338100
-0.262900
-2.112400
-1.625800
-3.502500
-4.106800
-4.108900
-5.188600
-3.335600
-3.831400
0.264000
1.382200
1.572000
2.253200
3.103300
2.034700
2.711800
0.945100
0.774200
0.066100
-0.759100
1.608200
0.999800
1.764300
2.777500
1.228500
1.838300
-0.085500
2.908000
1.029100
1.830700
-0.132000
0.105700
-1.610300
1.382800
0.461800
1.066200
2.141400
0.300400
0.781500
-1.080400
-1.677900
-1.687100
-2.758700
-0.924400
2.776200
3.978400
4.097400
5.043100
5.967700
4.926400
5.761500
3.730800
3.622600
2.661200
1.738800
2.291600
2.913500
2.797200
3.686200
4.166500
3.839300
4.441100
3.204300
3.300000
2.438600
1.943000
-1.049700
-2.795200
-3.808400
-3.603800
-5.083500
-5.863000
-5.358900
3.878700
3.207700
2.932200
3.024900
4.892100
5.387000
4.718400
6.753800
7.112500
7.652800
8.716800
7.173200
7.861200
5.809500
5.469700
2.451500
2.305200
2.483500
1.957400
1.871100
1.714300
1.459000
1.775900
1.549700
2.138200
2.168900
-2.401800
-2.988500
-4.064700
-5.043600
-5.176700
-5.833400
-6.591600
-5.647000
-6.266300
-4.646200
-4.484500
-3.849900
-2.350700
-1.951400
-2.002500
-1.504300
-1.213100
-1.445200
-1.112900
-1.819400
-0.496200
-0.877300
-1.907400
-0.345800
1.860900
3.018900
3.825300
3.169100
4.081000
2.169100
2.294300
1.009800
0.223800
0.858200
-0.043700
3.333400
4.014800
3.495000
5.364900
5.882300
6.044800
7.101000
5.353700
5.864100
4.005700
3.486000
-1.217900
-0.958700
-2.113200
-2.949800
-2.984200
-3.763500
-4.398400
-3.768600
-4.398900
-2.981600
-3.007600
-2.160400
-2.051400
-1.482300
-0.409700
-2.285900
-1.825700
-3.672900
-4.300800
-4.245700
-6.355500
-4.344200
-4.554200
-3.061600
-0.619000
-0.004400
0.270300
0.240800
0.710400
-0.124600
0.056500
-0.735800
-1.035800
-0.980400
-1.477200
-1.150400
0.069400
1.006000
0.091800
1.043100
-1.103400
-1.089400
-2.313900
-3.246100
-2.339200
-3.289000
1.637500
-1.356000
-0.377600
-0.938500
-2.015000
-0.127400
-0.576900
1.257400
1.889300
1.823000
2.898000
1.014100
-2.713600
-3.935100
-4.079300
-4.983200
-5.923500
-4.830300
-5.652600
-3.615400
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-1.769100
-2.261500
-2.533600
-4.118000
-3.548800
-2.506900
-4.305000
-3.840600
-5.644900
-6.233300
-6.225400
-7.272900
-5.471000
-5.958600
-3.096100
-3.025400
-3.170200
-3.272200
-3.152400
-3.255700
-2.993500
-2.979600
-2.827500
-2.663800
-2.841900
-5.322500
-3.442600
-3.912200
0.152200
1.291000
1.533100
2.110300
2.980300
1.813600
2.447700
0.699800
0.468100
-0.122600
-0.961800
1.627800
1.152900
2.038100
3.101800
1.566600
2.269400
0.205800
-0.156300
-0.687300
-1.741200
-0.221400
-3.479600
-2.561600
-1.623000
-2.323700
-2.921000
-2.741700
-3.760300
-4.216600
-4.011200
-4.668600
-3.404000
-3.576300
-2.566400
-2.087100
1.024700
2.831800
3.903000
3.722800
5.217900
6.040100
5.480100
6.504200
4.42 1200
4.629100
3.101900
C
C
H
C
H
C
H
C
H
C
H
C
C
H
C
H
C
H
C
H
C
H
Br
Br
-4.936600
-5.520100
-4.899400
-6.899000
-7.327700
-7.723100
-8.798600
-7.155500
-7.785900
-5.775600
-5.365200
-2.828000
-1.778400
-1.104300
-1.629700
-0.828200
-2.499900
-2.374800
-3.547100
-4.241300
-3.720100
-4.573700
0.179300
-0.126800
1.558600
2.399600
3.065200
2.402200
3.067200
1.557300
1.564400
0.710400
0.054600
0.715800
0.073300
3.448900
3.966800
3.296800
5.349500
5.733400
6.225100
7.299200
5.717600
6.391400
4.340500
3.960600
1.176700
1.097200
163
0.744400
-0.217400
-0.807100
-0.420500
-1.164700
0.324500
0.169800
1.275400
1.869900
1.489000
2.258800
0.946900
0.177400
-0.345700
0.040300
-0.579700
0.686600
0.578200
1.459100
1.953700
1.573700
2. 125700
1.626000
-1.712900
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Figure A27. H NMR spectra of A7a (top, blue), mostly clean {[POP ]Fe2(NH2)2}{BArF4}
(middle, green), and mixture of {[POPPh]Fe 2(NH 2)2} {BArF4} and {[POPh]Fe 2(Br)(NH 2)} {BArF4}(bottom, red).
I ~~~I .i WTi LiI
240 220 200 180 160 140 120 100 8l6 0 40 20 0 2 -40 6 100 -120 -140
Figure A28. 31P NMR spectra of A7a (top, blue), mostly clean {[POPph]Fe 2(NH 2)2 } {BArF4}
(middle, black), and mixture of {[POPPh ]Fe2(NH2)2} {BArF4} and {[POPPh]Fe 2(Br)(NH 2)} {BArF4 )(bottom, red). Small peaks between 0 and -20 ppm are due to ligand decomposition.
164
Y
000
I
Figure A29. DFT optimized HOMO (left) and LUMO (right) of the diiron cation of the
species formulated as [POPPh ]Fe2(NH2)2}{BArF4}.
Table A13. Comparison of distances (A) and angles (*) between DFT optimized
geometries of the diiron cations of A7 and the
{[POPh ]Fe2(NH 2)21 BArF4 1.
species formulated as
_ 
{[POP h]Fe 2(NH2)2 } {[POPPh]Fe2(Br)2} (A7)
Fel-Fe2 2.855 3.161
Fel-O1-Fe2 90.55 102.39
Fel-Ol 2.008 2.029
Fe2-O1 2.010 2.027
Fel-P12 2.179 2.153
Fe2-P34 2.168 2.147
Fel-PI 2.288 2.274
Fe2-P3 2.276 2.268
Fel-P2 2.429 2.361
Fe2-P4 2.350 2.391
Fel-Ni/BrI 2.058 2.575
Fel-N2/Br2 2.047 2.546
Fe2-N1/Brl 2.048 2.528
Fe2-N2/Br2 2.053 2.565
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Table A14. DFT geometry optimized energy, lowest calculated frequency, and atomic
coordinates of the cation of the species formulated as {[POPPh]Fe 2(NH2)2} {BArF4}.
E(RB+HF-LYP) (a.u.):
Lowest frequency:
0.102300
-0.871600
0.834300
0.374900
0.072000
0.786500
1.344600
0.770900
1.426300
0.662400
2.022900
0.056700
0.045100
-0.651500
-1.309400
-0.543600
-1.896900
-0.654500
-1.212200
1.461000
-1.387800
2.454000
2.899100
4.087200
5.093200
5.197400
5.948200
6.726400
5.799600
6.467200
4.777900
4.654100
3.914500
2.290100
1.909800
2.007700
1.439800
1.163000
1.345200
0.994700
-7.032600
-7.448200
-7.406900
-7.451200
-5.521400
-4.802800
-5.347400
-3.405600
-2.665100
-2.225800
-3.355000
-2.684700
-1.345100
-3.393200
-2.631800
-2.174100
-3.313300
-4.790000
-5.323700
0.076900
0.060300
-1.245600
-0.711500
-1.877800
-2.590200
-2.496200
-3.441900
-3.981600
-3.606800
-4.268000
-2.937900
-3.086100
-2.079000
-1.742500
-1.146400
-0.075000
-1.921700
-1.439300
-3.308200
-3.913800
-7888.20347918
12.37
0.085100
0.367100
0.813500
-0.889500
0.049200
-0.915500
-1.675300
-0.965600
-2.109100
-2.763000
-2.715900
0.018800
0.009300
1.017400
2.143200
2.781800
2.768300
0.997100
1.765300
-0.112600
0.080800
-1.515200
1.465100
0.642000
1.314100
2.390700
0.615500
1.147800
-0.764000
-1.309600
-1.436000
-2.505700
-0.742600
2.888600
4.102800
4.240900
5.164100
6.097700
5.034100
5.865500
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1.711700
1.639000
2.172100
2.439200
3.901400
3.204100
2.144000
3.855400
3.294100
5.222000
5.732900
5.928900
6.996300
5.275100
5.852400
2.888700
3.248100
3.818800
4.041700
4.114400
4.543100
3.867600
4.092800
3.353600
3.185400
3.055400
4.678600
5.135700
4.450400
6.491900
6.815400
7.423800
8.479100
6.985600
7.697600
5.632600
5.332100
2.180500
2.099500
2.385600
-3.910500
-4.988200
-3.136100
-3.627900
0.566800
1.689200
1.794900
2.671200
3.522400
2.560800
3.325200
1.466200
1.378800
0.475100
-0.356400
1.680200
1.022100
1.791400
2.840600
1.216300
1.827500
-0.141000
-0.584800
-0.929200
-1.989400
-0.357300
2.054200
3.271000
4.086800
3.476700
4.434800
2.473000
2.639100
1.257300
0.465700
1.052600
0.105600
3.368600
4.231700
3.876100
3.830200
3.713500
2.764000
1.835000
2.361100
2.843800
2.632100
3.591500
3.968500
3.851900
4.430700
3.355200
3.537700
2.620300
2.234400
-1.067600
-2.785500
-3.810200
-3.644200
-5.046000
-5.835300
-5.269100
-6.234800
-4.241000
-4.410500
-2.996300
-0.626200
-0.102600
0.084900
0.162600
0.560400
-0.092000
0.105800
-0.617500
-0.835600
-0.882000
-1.314000
-1.345500
-0.237400
0.749000
1.688000
1.677100
1.287100
0.974700
1.271700
0.930300
1.717400
1.716900
-2.358500
-2.826900
-4.001400
-4.994500
-5.088600
-5.844700
-6.612800
-5.702800
-6.366700
-4.687800
-4.560200
-3.832500
-2.193700
-1.796300
-1.891800
-1.314400
-1.024800
-1.224900
-0.865700
-1.607100
-1.536700
-2.079400
-2.357200
-3.828400
-3.174300
-2.174600
-3.795300
-3.269500
-5.087400
-5.573400
-5.753400
-6.764400
-5.129200
5.555400
6.217900
6.024800
7.058000
5.151400
5.496000
3.835600
3.181000
-1.223400
-0.848600
-1.978100
-2.754000
-2.754400
-3.559500
-4.147000
-3.620000
-4.245700
-2.896800
-2.969800
-2.080900
-1.945400
-1.389400
-0.322000
-2.199000
-1.748500
-3.581000
-4.214300
-4.142700
-5.215800
-3.333200
-3.793400
0.342700
1.519500
1.728300
2.425400
3.326700
2.176100
2.878500
1.019800
0.822100
0.109600
-0.392500
0.468700
-1.645600
-1.769500
-2.732500
-3.704700
-2.585800
-3.449700
1.549900
-1.447900
-0.550300
-1.169800
-2.250900
-0.413400
-0.908400
0.975100
1.565100
1.598100
2.675600
0.846200
-2.809600
-4.038100
-4.209300
-5.067500
-6.013100
-4.890600
-5.697200
-3.672300
-3.518600
-2.637100
-1.695200
-2.459900
-2.863700
-2.495000
-3.725900
-4.029900
-4.189900
-4.861500
-3.780600
-4.126200
-2.926700
-5.677900
-2.950100
-2.919700
-3.060900
-3.129000
-3.097000
-3.196100
-3.003700
-3.037100
-2.847800
-2.742800
-2.800500
-4.788300
-5.339100
-4.698300
-6.709900
-7.110400
-7.561600
-8.630900
-7.028700
-7.680000
-5.655800
-5.274200
-2.800000
-1.730800
-0.963600
-1.655400
-0.832500
-2.636100
-2.572900
-3.709700
-4.488000
-3.796400
-4.659200
-0.047800
0.110700
-0.018400
-0.120900
0.174300
0.079500
-0.768700
1.645600
1.100300
1.942400
3.015900
1.413600
2.083600
0.037000
-0.370700
-0.814300
-1.883200
-0.291700
1.545400
2.342200
2.982400
2.337600
2.967100
1.530300
1.529600
0.733000
0.107100
0.745500
0.137200
3.491500
4.153000
3.583900
5.549400
6.044200
6.301200
7.385900
5.654400
6.230600
4.265200
3.779100
0.801800
0.871900
1.809300
0.394300
0.528000
1.887900
-2.610600
1.054600
2.847600
3.955400
3.822500
5.248500
6.098100
5.452700
6.459200
4.358100
4.522100
3.060100
0.730500
-0.287000
-0.883700
-0.537700
-1.327100
0.218700
0.026000
1.229900
1.834100
1.488600
2.299700
1.153400
0.538500
0.021600
0.559100
0.058400
1.201800
1.212600
1.817600
2.310300
1.781300
2.224500
-1.293300
1.214200
-1.453900
-2.226500
2.173200
1.306000
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Table A15 Crystal data and structure refinement for A8.
Identification code ct3 I
Empirical formula C141 H105 B Br2 F24 Fe2 N2 0 P6
Formula weight 2767.42
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1
Unit cell dimensions a = 15.0210(6) a = 78.62
b = 18.7270(8) A
c = 23.8990(11) A
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.00'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(i)]
R indices (all data)
Largest diff. peak and hole
2(3)0.
p = 84.673(3)*.
= 74.065(2)0.
6332.0(5) A3
2
1.451 Mg/n3
1.025 mnm-I
2812
0.42 x 0.21 x 0.15 mm 3
1.41 to 37.040.
-23<=h<=23, -29<=k<=31, -37<=
424531
53526 [R(int) = 0.0925]
100.0%
Semi-empirical from equivalents
0.8615 and 0.6728
Full-matrix least-squares on F2
53526 / 0 / 1513
1.232
R1 = 0.0651, wR2 = 0.1789
RI = 0.1364, wR2 = 0.2089
2.377 and -0.981 e.A- 3
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Bond lengths [A] and angles [0] for A8.
Fe(1)...Fe(2)
Fe(1)-P( 12)
Fe(1)-P(1)
Fe(1)-P(2)
Fe(1)-Br(1)
Fe(1)-N(1)
Fe(1)-N(2)
N(l)-N(2)
P(I 2)-Fe(1)-Br(1)
N(1)-Fe(l)-P(1)
N(2)-Fe(1)-P(2)
N(1)-Fe(1)-N(2)
Fe(2)-O( 1)
Fe(2)-P(34)
Fe(2)-P(3)
Fe(2)-P(4)
Fe(2)-Br(2)
P(34)-Fe(2)-Br(2)
0(1)-Fe(2)-P(3)
0(1)-Fe(2)-P(4)
P(4)-Fe(2)-P(3)
D-
5.567
2.1798(7)
2.1844(8)
2.2069(7)
2.4855(5)
1.962(2)
1.966(2)
1.427(3)
173.03(2)
144.28(7)
147.28(8)
42.61(10)
1.9649(18)
2.1694(7)
2.3104(8)
2.2941(8)
2.4126(4)
175.67(3)
117.91(6)
114.94(6)
125.17(3)
Table A17. Hydrogen bonds for
H1.. .A d(D-H)
N(1)-H(2N)...Br(2)
N(2)-H(4N)...0(1)
0.94(4)
0.83(4)
A8 [A and 0].
d(H...A)
2.47(4)
1.89(4)
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3.355(3)
2.707(3)
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158(3)
167(3)
Table A16.
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Figure A30. 1H/ H gCOSY NMR spectrum of A8.
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Figure A31. 'H/13 C HMBC NMR spectrum of A8. 'H shifts along horizontal axis; 13C
shifts along vertical axis.
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Figure A32. 'H/ 31P HMBC NMR spectrum of A8. 1H shifts along horizontal axis; 3 1p
shifts along vertical axis.
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Figure A33. UV-visible spectrum of A8. x = 527 nm, , = 2647 cm-' M1.
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Table A18. Comparison of distances (A) and angles (0) between X-ray and DFT
optimized geometry of the cation of A8.
Experimental DFT Optimized
Fel-Fe2 5.567 5.685
Fel-P12 2.180 2.230
Fel-PI 2.184 2.253
Fel-P2 2.207 2.257
Fel-Brl 2.486 2.497
Fel-Ni 1.962 1.973
Fel-N2 1.966 1.9 84
N1-N2 1.427 1.438
Fe2-01 1.965 1.984
Fe2-P34 2.169 2.204
Fe2-P3 2.310 2.362
Fe2-P4 2.294 2.352
Fe2-Br2 2.413 2.415
Table A19. DFT geometry optimized energy, lowest calculated frequency, and atomic
coordinates of the cation of A8.
E(RB+HF-LYP) (a.u.):
Lowest frequency:
Fe
Fe
0
C
H
11
H
C
C
H
C
C
H
H
C
C
C
H
H
C
H
P
P
2.754200
-2.920300
-1.193100
-0.165400
-0.350000
0.868700
-0.815700
-0.422500
-1.325000
-1.826700
-1.589400
-2.533700
-2.012600
-2.994800
-0.954300
-0.038900
0.557400
-0.106000
0.638500
0.208400
0.905400
2.245500
3.934700
-0.449400
-0.150900
0.767100
6.341300
6.704100
6.591300
6.919600
4.855300
4.209300
4.782700
2.842100
2.145500
1.384300
2.852500
2.079200
2.716100
1.939300
1.115200
2.602800
4.084600
4.57 1200
1.158300
1.126400
-13031.75326580
9.42
-0.179300
-0.019100
-0.349600
-0.863700
-1.880700
-0.602200
-0.193100
-0.751000
-1.602200
-2.380400
-1.492900
-2.438300
-3.034200
-3.136600
-0.483700
0.389500
1.539100
1.819600
2.405300
0.232700
0.911800
1.279800
-1.274900
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4.083600
4.908800
5.486900
5.007800
5.653400
4.290800
4.382900
3.462800
2.920700
3.346000
2.959200
2.602000
2.904600
1.861100
1.611400
1.444600
0.868900
1.771900
1,443900
2.526600
2.765500
5.655900
5.922 100
2.625500
3.721800
3.730900
4.789200
5.631100
4.767600
5.589200
3.686400
3.672300
2.615400
1.701200
0.763100
-0.275100
1.155400
0.421400
2.481200
2.785700
3.410800
4.442500
3.026500
3.766400
0.924600
0.595400
-0.203400
-0.497700
-1.416700
0.393100
0.159100
1.592800
2.297800
1.889200
2.830500
0.992400
-2.742000
-3.729300
-3.619200
-4.844000
-5.606200
-4.983400
-5.853400
-3.997400
-4.088700
-2.886500
-2.131000
-1.914300
-3.251100
H 5.109800 0.463400 -3.955700 H -6.081300 3.266700 2.364900
C 7.235800 0.444400 -3.696400 C -6.465300 4.406500 0.582700
H 7.422200 0.191900 -4.736600 H -7.061800 5.152800 1.099400
C 8.302800 0.627100 -2.816700 C -6.220100 4.530700 -0.787300
H 9.325400 0.519600 -3.167800 H -6.622400 5.375800 -1.338500
C 8.048000 0.948900 -1.483100 C -5.441700 3.580800 -1.445600
H 8.869300 1.085100 -0.785700 H -5.228400 3.715200 -2.501600
C 6.735600 1.087600 -1.032200 C -4.917700 2.482000 -0.747700
H 6.560000 1.329800 0.011000 C -3.427900 1.869300 2.879800
P 4.013100 -1.340900 1.468600 C -3.335100 1.364100 4.184100
C 3.527200 -0.542000 3.063200 1H -3.831600 0.439300 4.453800
C 3.887500 -1.060700 4.315500 C -2.619600 2.058700 5.160800
H 4.508700 -1.949900 4.371500 H -2.568200 1.659100 6.169800
C 3.436400 -0.456400 5.487100 C -1.985500 3.261800 4.849300
H 3.719800 -0.865200 6.452800 H -1.441400 3.807000 5.615900
C 2.604700 0.662800 5.414200 C -2.062300 3.764800 3.549000
H 2.237800 1.129100 6.324300 H -1.573700 4.700500 3.291500
C 2.227700 1.176000 4.173900 C -2.773100 3.072400 2.569000
H 1.557800 2.029000 4.146600 H -2.818000 3.476600 1.563100
C 2.688900 0.586300 2.986900 C -5.640400 -0.000700 2.334700
C 5.855900 -1.365100 1.460000 C -5.273800 -1.135800 3.082700
C 6.509600 -1.989200 0.381800 H -4.230700 -1.431600 3.143100
H 5.925100 -2.393100 -0.439300 C -6.246800 -1.907500 3.718800
C 7.901100 -2.073600 0.354000 H -5.944000 -2.773200 4.301300
H 8.388200 -2.566700 -0.482400 C -7.598400 -1.578200 3.597100
C 8.663200 -1.510300 1.378800 H -8.355000 -2.181200 4.091200
H 9.747500 -1.577000 1.354600 C -7.972400 -0.475000 2.829300
C 8.024900 -0.850000 2.429300 H -9.022300 -0.218900 2.717300
H 8.609500 -0.394900 3.224300 C -7.003000 0.311000 2.203500
C 6.630800 -0.781100 2.474600 H -7.317600 1.164200 1.613100
H 6.155500 -0.272900 3.306400 P -3.595700 -1.839900 -1.510000
C 3.513200 -3.096100 1.802900 C -4.657400 -1.089200 -2.823000
C 2.207700 -3.327600 2.271100 C -5.325500 -1.840900 -3.798800
H 1.550700 -2.491900 2.495300 H -5.232600 -2.922500 -3.808000
C 1.743800 -4.626000 2.477000 C -6.126800 -1.208400 -4.747600
H 0.733100 -4.782200 2.844600 H -6.646500 -1.798500 -5.496800
C 2.577800 -5.716800 2.220000 C -6.266900 0.181400 -4.729100
H 2.218900 -6.729600 2.381300 H -6.895900 0.675400 -5.463900
C 3.876200 -5.496500 1.763000 C -5.605400 0.938100 -3.763200
H 4.535700 -6.337500 1.566600 H -5.735000 2.015100 -3.756800
C 4.342300 -4.196200 1.554400 C -4.800100 0.312500 -2.800700
H 5.356000 -4.049400 1.200600 C -4.503800 -3.340000 -0.970300
P -3.835300 1.198300 -1.502500 C -4.432000 -4.557400 -1.668000
P -4.309800 0.980900 1.519600 H -3.771100 -4.660700 -2.523100
C -5.153600 2.364900 0.635300 C -5.194000 -5.650600 -1.255700
C -5.922600 3.337500 1.292800 H -5.127200 -6.588300 -1.800100
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-6.035400
-6.625700
-6.110300
-6.755700
-5.348100
-5.402000
-2.119900
-1.327900
-1.636400
-0.149300
0.452800
0.265900
1.194300
-5.541200
-6.395000
-4.335700
-4.242900
-3.241000
-2.314600
-2.484900
-3.468700
-3.889700
-3.906300
-4.672000
-3.357400
-3.687700
-0.146600
0.174000
0.552000
1.420600
0.144200
0.705600
-2.398500
-1.779700
-0.827600
-2.383100
-1.901500
-3.601200
-4.055800
-0.516000
-0.207600
-1.703600
-2.308100
-1.939500
1.118700
1.199900
0.295100
1.033000
1.018100
0.187300
3.556700
-2.380100
-1.957200
-1.946200
-1.194900
-1.660500
-1.545600
-2.505900
-1.461300
-0.617100
-1.110000
-0.032100
-2.212500
-4.219900
-5.172000
-3.624400
-4.123900
1.590400
-0.057300
-0.394500
0.553200
-1.152000
-2.046000
-1.014200
-1.754500
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Figure A34. 1H NMR spectrum of A9.
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Figure A35. 3 P{H} NMR spectrum of A9. Peaks at -5 and -14 ppm correspond to PPh3
and another phosphorus-containing species arising from reductive decomposition of the
[POPPh] ligand.
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Figure A36. IR spectrum
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Figure A37. 31P{1H} NMR spectra of A9 (top, blue), A10 (middle, green), and A10'
(bottom, red). Peaks at -5 and -14 ppm correspond to PPh3 and another phosphorus-
containing species arising from reductive decomposition of the [pOpPh] ligand.
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Figure A38. IR spectrum of A10. Taken as a thin film on a diamond ATR accessory.
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Figure A39. 'H NMR spectrum of A9 (top, blue), All (middle, green), and All'
(bottom, red).
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Figure A40. 1P NMR spectrum of A9 (top, blue), All (middle, green), and All'
(bottom, red). Peaks at -5 and -14 ppm correspond to PPh3 and another phosphorus-
containing species arising from reductive decomposition of the [pOpPh] ligand.
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Figure A41. 'C NMR spectrum of All' in C6D6. The large singlets at 128.39 and 125.1
ppm correspond to C6D and free 3C0 2 in solution, respectively.
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Figure A42. IR spectrum of All. Taken as a thin film on a diamond ATR accessory.
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Appendix B: Supplementary Data for Chapter 2
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Table B1. Crystal data and structure refinement for 2.1.
Identification code npm74
Empirical formula C63 H61 02 P3 Pt Si
Formula weight 1166.21
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/c
Unit cell dimensions a = 18.745(2) A
b = 16.1454(18)A
c = 16.911(2)^
Volume 5104.4(10) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.13'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
90'.
p 94.181(4)
y= 9Q0.
4
1.518 Mg/m 3
2.913 mm- 1
2368
0.30 x 0.08 x 0.05 mm 3
1.67 to 29.13'.
-25<=h<=24, -21 <=k<=22, -23<=l<=2 1
75418
13406 [R(int)= 0.1465]
97.7%
Semi-empirical from equivalents
0.8680 and 0.4753
Full-matrix least-squares on F2
13406 / 613 / 632
1.091
RI = 0.0506, wR2 = 0.1189
RI = 0.0844, wR2 = 0.1457
5.837 and -2.011 e.A-3
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Table B2. Selected bond lengths [A] and angles [0] for 2.1.
Pt(l)-C(100) 2.229(6)
Pt(1)-Si(1) 2.3076(15)
Pt(1)-P(1) 2.3034(14)
Pt(1)-P(2) 2.3038(14)
Pt(1)-P(3) 2.3229(14)
C(100)-Pt(1)-Si(1) 178.15(16)
P(1)-Pt(1)-P(2) 125.74(5)
P(1)-Pt(l)-P(3) 113.77(5)
P(2)-Pt(1)-P(3) 117.56(5)
C(1 00)-Pt(1)-P(1) 94.70(15)
C(l00)-Pt(1)-P(2) 94.89(17)
C(100)-Pt(1)-P(3) 97.66(16)
P(1)-Pt(1)-Si(1) 84.39(5)
P(2)-Pt(1)-Si(l) 84.36(5)
P(3)-Pt(1)- Si(1) 84.18(5)
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Table B3. Crystal data and structure
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.00v
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [J>2sigma(1)]
R indices (all data)
Largest diff, peak and hole
refinement for 2.2.
npm75
C55 H44 C13 P3 Pt Si
1127.34
100(2) K
0.71073 A
Triclinic
P-1
a= 11.1768(12) A
b = 13.3695(14) A
c = 15,7387(16) A
2336.6(4) A3
2
a = 87.699(2)1.
= 84.961(2) .
y = 86.359(2)0.
1.602 Mg/m3
3.341 mm 1
1124
0.19 x 0,10 x 0.08 mm 3
1.53 to 29.15'.
-15<=bC=14, -1 7<=k<=17, -20<=1<=2l
40452
11408 [R(int)= 0.0562]
99.7 %
Semi-empirical from equivalents
0.7759 and 0.5693
Full-matrix least-squares on F2
11408 / 510 / 568
).082
R1= 0.0422, wR2 0.1040
R! = 0.0489, wR2= 0.1081
3,382 and -2.062 eA 3
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Table B4. Selected bond lengths [A] and angles [0] for 2.2.
Pt(1)-Cl(1) 2.4975(10)
Pt(1)-Si 2.2689(11)
Pt(1)-P(1) 2.3173(11)
Pt(1)-P(2) 2.3530(11)
Pt(1)-P(3) 2.3177(10)
Cl(1)-Pt(1)- Si 178.17(3)
P(1)-Pt(1)-P(2) 117.20(4)
P(1)-Pt(l)-P(3) 125.31(4)
P(3)-Pt(I)-P(2) 115.63(4)
P(1)-Pt(1)-Cl(1) 95.02(4)
P(2)-Pt(1)-Cl(1) 95.99(4)
P(3)-Pt(I)-Cl(1) 92.68(3)
Si-Pt(1)-P(1) 85.28(4)
Si-Pt(1)-P(2) 85.46(4)
Si-Pt(1)-P(3) 85.68(4)
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Table B5. Crystal data and structure refinement for 2.3.
Identification code npm78
Empirical formula C62 H59 02 P3 Pt Si
Formula weight 1152.18
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/c
Unit cell dimensions a = 18.572(3) A
b = 16.157(3) A
c = 16.968(3) A
Volume 5059.0(15) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.00'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
a = 90'.
p = 96.473(3)0.
900.
4
1.513 MVig/m 3
2.938 mm-1
2336
0.'9 x 0.07 x 0.07 mm 3
1.10 to 28.700.
-24a<= h<=2 2, -2 1<=k <= 19, -22 <=
30622
11907 [R(int)= 0.0651]
99.3%
Semi-empirical from equivalents
0.8208 and 0.6052
Full-matrix least-squares on F2
11907./ 1626 / 892
1.025
R1 0.0435, wR2 0.0872
RI = 0.0776, wR2= 0.1036
2.286 and -1.608 e.A 3
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Table B6. Selected bond lengths [A] and angles [7] for 2.3.
Pt(l)-Si(1) 2.3134(13)
Pt(1)-P(l) 2.3061(13)
Pt(1)-P(2) 2.2947(13)
Pt(1)-P(3) 2.3001(11)
P(1)-Pt(l)-P(2) 119.05(4)
P(1)-Pt(1)- P(3) 114.37(4)
P(2)-Pt(1,)-P(3) 124.19(4)
P(1)-Pt(1)-Si(1) 84.94(5)
P(2)-Pt(1)-Si(1) 84.79(5)
P(3)-Pt(1)-Si(1) 84.83(4)
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Table B7. Crystal data and structure refinement for 2.4.
Identification code 08236
Empirical formula C90 H64 B F24 0 P3 Pt Si
Formula weight 1944.31
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1
Unit cell dimensions a= 13.1515(15) A 65.549(2)'.
b = 17.621(2) A 13=77.723(2)0.
c = 19.654(2) Ay 86.737(2) .
Volume 4049.0(8) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 28.28c
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
2
1.595 Mg/m 3
1.911 mm-1
1940
0.15 x 0.15 x 0.10 mm 3
1.16 to 28.28'.
-1 7<=h<=1 7, -23<=k<=23, -26<=l<=26
99238
20105 [R(int) = 0.0817]
99.9 %
Semi-empirical from equivalents
0.8319 and 0.7625
Full-matrix least-squares on F2
20105 / 2145 / 1112
1.037
R I = 0.0463, wR2 = 0.1053
RI = 0.0663, wR2 = 0.1152
3.132 and -1.226 e.A-3
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Table B8. Selected bond lengths [A] and angles [0] for 2.4.
Pt(1)-O(l) 2.391(3)
Pt(1)-Si(1) 2.2739(12)
Pt(1)-P(I) 2.3581(11)
Pt(1)-P(2) 2.3761(11)
Pt(1)-P(3) 2.3913(11)
Si(1 )-Pt(1)-O(1) 174.06(9)
P(l)-Pt(1)-P(2) 119.94(4)
P(I)-Pt(1)-P(3) 121.38(4)
P(2)-Pt(1)-P(3) 1l15.12(4)
0(1)-Pt(1)- P(1) 93.86(9)
0(1)-Pt(l)- P(2) 92.45(9)
0(1)-Pt(l)-P(3) 102.57(9)
Si(l)-Pt(l)-P(!) 83.79(4)
Si(1)-Pt( 1)-P(2) 84.05(4)
Si(l)-Pt(1)-P(3) 83.28(4)
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Figure BL. H NMR spectrum of 2.4 in Et 20 at room temperature; large upfield
resonances are from the Et 2 O solvent.
Figure B2 . 3 1P{ H NMR spectrum of 2.4 in Et 2 O at room temperature.
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Table B9. Crystal data and structure
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.00'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [l>2sigrna(I)]
R indices (all data)
Largest diff. peak and hole
refinement for 2.5.
npm83
C45 H31 B0.50 C14 F12 P1.50 PtO.50 SiO.50
1104.95
100(2) K
0.71073 A
Triclinic
P-1
a 12.6057(11) A a = 84.459(2)'.
b 17.5913(16)p = 84.435(2).
c 20.2306(18) y = 86.795(2) .
4439.2(7) A3
4
1.653 Mg/n 3
1.986 mm-1
2192
0.38 x 0.09 x 0.05 mm 3
1.61 to 27.87'0
-15<=h<=l6. -23<=k<=23, -26<=1<=25
54713
19579 [R(int) = 0.0645]
99.6 %
Semi-empirical from equivalents
0.9072 and 0.5191
Full-matrix !east-squares oi F2
19579 / 1727 / 1163
i.050
Ri = 0.0635, wR2 = 0.1600
RI = 0.0840, wR2 = 0.1736
3.246 and -2.506 e.A- 3
193
Table B1O. Selected bond lengths [A] and angles [0] for 2.5.
Pt(1)-Cl(l 1) 2.6236(16)
Pt(1)-Si(1) 2.2805(16)
Pt(1)-P(1) 2.3321(15)
Pt(1)-P(2) 2.3553(14)
Pt(1)-P(3) 2.3400(15)
Si(1)-Pt(1)-Cl(1 1) 174.48(5)
P(1)-Pt(1)-P(2) 120.85(5)
P(l)-Pt(1)-P(3) 119.36(5)
P(3)-Pt(1)-P(2) 116.48(5)
P(1)-Pt(1)-Cl(1 1) 93.60(5)
P(2)-Pt(1)-C1( Ii) 94.26(5)
P(3)-Pt(1)-C1(1 1) 100.43(5)
Si(1)-Pt(1)-P(1) 82.21(5)
Si(l)-Pt(1)-P(2) 84.88(5)
Si(I)-Pt(1)-P(3) 84.80(6)
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Figure B3. IH NMR spectrum of 2.5 in CD 2Cl 2 at room temperature; 2.5 has no
resonances further upfield.
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Figure B4. 3 1P{ H} NMR spectrum of 2.5 in CD 2 Cl2 at room temperature.
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Table B1I. Crystal data and structure refinement for 2.6.
Identification code 08350
Empirical formula C46.50 H29.50 B0.50 F12 P1.50 PtO.50 SiO.50
Formula weight 979.65
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1
Unit cell dimensions a = 13.2678(11) A 84.415(2)0.
b= 17.6132(15)A p=72.421(2)'.
c 18.7753(16) A y 86.3900(10)0.
Volume 4160.2(6) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.57'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints/ parameters
Goodness-of-tit on F
Final R indices [l>2sigma(i)l
R indices (all data '
Largest diff. peak and hole
4
1.564 Mg/rm3
1.860 mn-1
1950
0.33 x 0.25 x 0.14 mm 3
1.14 to 29.57'.
-I 8<=h<= 18. -24<=k<=24, -26<=-<=26
74144
23200 [R(int)= 0.0456]
99.3 %
Semi-empirical from equivalents
0.7807 and 0.5789
Full-matrix least-squares on F2
23200 / 2293 / 1 ! 42
1.045
R I =0.0351, wR2 = 0.0745
R1= 0.0448. wR2 = 0.0795
1.494 and -1.094 e.A-3
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Table B12. Selected bond lengths [A] and angles [0] for 2.6.
Pt(1)-Si(1) 2.2806(8)
Pt(1)-P(1) 2.3816(7)
Pt(1)-P(2) 2.3754(8)
Pt(1)-P(3) 2.3944(7)
Pt(1)-C(12T) 4.489
Pt(1)-C(13T) 3.912
Pt(1)-H(13T) 4.450
Pt(1)-C(14T) 3.012
Pt(1)-H(14T) 3.044
Pt(1)-C(15T) 2.766
Pt(1)-H(1 5T) 2.762
Pt(1)-C(16T) 3.518
Pt(1)-H(16T) 3.853
Pt(1)-C(17T) 4.320
Pt(1)-H(17T) 5.045
C(1 IT)-C(12T) 1.509(5)
C(12T)-C(13T) 1.373(5)
C(1 3T)-C(14T) 1.378(6)
C(14T)-C(1 5T) 1.347(7)
C(15T)-C(16T) 1.380(7)
C(16T)-C(17T) 1.381(6)
C(1 2T)-C(1 7T) 1.389(6)
C(I 5T)-H( 15T) 1.007(46)
P(1)-Pt(1)-P(2)
P(1)-Pt(1)-P(3)
P(2)-Pt(1)-P(3)
Si(1)-Pt(l)-P(1)
Si(1)-Pt(1)-P(2)
Si(1)-Pt(1)-P(3)
Pt(1)-H(1 5T)-C(1 5T)
C(13T)-C(12T)-C(17T)
C(1 3T)-C(I 2T)-C(1 IT)
C(17T)-C(12T)-C( lIT)
C(1 2T)-C(I 3T)-C(I 4T)
C(15T)-C(14T)-C(13T)
C(1 4T)-C(1 5T)-C(1 6T)
C(1 5T)-C(1 6T)-C(1 7T)
C(I 6T)-C(1 7T)-C(I 2T)
C(I 4T)-C(I 5T)-H( 15T)
C(I 6T)-C(1 5T)-H(1 5T)
121.50(3)
115.94(2)
118.55(2)
83.08(3)
83.25(3)
83.62(3)
84.0
118.7(3)
120.6(4)
120.7(4)
120.9(4)
120.8(4)
119.3(4)
120.9(4)
119.5(4)
118(3)
122(3)
C(1 2T)-C(1 3T)-C(I 4T)-C( 15T)
C(I 2T)-C(1 3T)-C(I 4T)-C( 15T)
C(1 2T)-C(I 3T)-C(I 4T)-C(5I T)
-0.92
0.53
-0.18
C(12T)-C(13T)-C(14T)-C(15T) 0.21
C(12T)-C(13T)-C(14T)-C(15T) -0.57
C(12T)-C(13T)-C(14T)-C(15T) 0.92
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Figure B5. DFT calculated frontier molecular orbitals of 2.6. HOMO and
shown from the top, looking down the Pt-Si axis; others shown from the
perpendicular to the Pt-Si axis.
HOMO-1 are
side, looking
Table B13. DFT geometry optimized energy and coordinates of the cation of 2.6.
E(RB+HF-LYP) (a.u.):
Pt
Si
P
C
C
H
C
H
C
H
C
H
C
C
-0.067700
-0.602900
-0.123600
0.016100
0.312400
0.460300
0.437700
0.670500
0.276300
0.387100
-0.017600
-0.113400
-0.160400
1.196000
0.017300
0.112600
-2.445800
-2.680900
-3.936100
-4.809700
-4.066300
-5.035300
-2.939300
-3.034500
-1.688500
-0.824000
-1.540100
-3.549200
-2496.80867293
-0.130700
2.108300
0.222400
2.063800
2.639200
2.012000
4.032600
4.466300
4.862300
5.939500
4.292800
4.947200
2.890400
-0.471700
C
H
C
H
C
H
C
H
C
H
C
C
H
C
2.440400
2.585600
3.501500
4.455300
3.329800
4.148900
2.088100
1.945200
1.029800
0.080300
-1.691300
-1.873600
-1.067600
-3.084000
-2.976600
-1.905900
-3.783800
-3.324900
-5.174000
-5.797900
-5.754600
-6.828100
-4.951100
-5.419200
-3.343900
-3.892400
-3.857600
-4.517000
-0.808800
-0.717800
-1.256000
-1.500300
-1.383600
-1.732400
-1.056400
-1.151600
-0.600200
-0.357400
-0.205400
-1.498700
-2.227100
-1.847700
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-3.197700
-4.138800
-5.072800
-3.972400
-4.780300
-2.759900
-2.649500
1.954900
1.576200
2.391600
3.282400
2.046200
2.676200
0.875400
0.596100
0.063100
-0.848700
0.403900
2.525300
3.884200
4.664000
4.244800
5.293500
3.256300
3.537100
1.901400
1.127000
1.539500
0.489900
3.514700
4.325700
4.056100
5.488400
6.113700
5.849700
6.750100
5.035300
5.300900
3.876700
3.269300
-2.234600
-3.165600
-4.545400
-5.096800
-4.954500
-4.589700
-5.076700
-4.031300
-4.081200
-3.412200
-2.999200
1.285500
1.952700
2.932200
3.295900
3.461100
4.217600
3.022600
3.444200
2.046200
1.736000
1.489300
2.807300
3.192700
2.569100
4.395000
4.675700
5.233600
6.162700
4.862600
5.504800
3.658400
3.392300
0.309900
0.005600
0.374800
-0.769200
-0.973400
-1.271600
-1.869400
-0.995100
-1.383400
-0.209200
0.001600
1.202300
0.958600
1.240400
1.621500
-2.836700
-0.916900
-1.184400
0.364400
1.089800
0.718300
1.717000
0.553900
2.248300
2.857200
2.352600
4.112200
4.572700
4.762300
5.724600
4.159600
4.666800
2.901700
-0.351000
-0.438800
-0.014000
-1.074600
-1.134000
-1.623200
-2.112400
-1.527900
-1.937300
-0.899600
-0.827500
0.785200
-0.336300
-1.322600
-0.186800
-1.052900
1.079200
1.194700
2.192800
3.172600
2.048800
2.924100
-0.444000
1.146000
1.252200
0.397600
-5.224400
-6.287100
-4.529600
-5.055600
-3.156400
-2.642900
-2.450900
-3.437000
-3.402200
-2.659500
-4.336700
-4.297100
-5.316000
-6.035300
-5.359100
-6.113200
-4.430500
-4.481000
-2.188600
-1.974500
-1.905100
-1.881000
-1.740000
-1.983400
-1.919100
-2.176300
-2.254900
-2.277400
-2.438600
4.317300
4.316800
4.838500
4.905300
2.899700
2.357400
2.968000
1.021500
0.615500
0.207600
-0.845200
0.749200
0.128200
2.075600
2.477000
1.012300
1.228300
0.491200
0.299500
0.208100
-0.218600
0.443800
0.667200
-0.676100
-1.358300
-1.149500
-2.187900
-0.284800
-0.648300
1.056400
1.731600
1.530100
2.568400
3.044400
3.597200
2.950900
4.988700
5.397000
5.851200
6.927700
5.309100
5.965500
3.916400
3.520000
-0.337600
-0.316300
-1.254700
0.521500
-0.297800
0.887800
1.787100
0.934600
1.873600
-0.215800
-0.163800
-1.411800
-2.300900
-1.449600
-2.372900
2.461100
2.534000
3.570400
4.502300
3.466900
4.326600
2.260600
-1.755800
-2.191800
-1.790900
-3.129700
-3.446100
-3.651900
-4.381200
-3.223600
-3.620100
-2.281000
-1.967600
-0.658800
-1.946300
-2.818300
-2.120200
-3.118000
-1.010200
-1.145400
0.274200
1.137000
0.450400
1.448600
-4.700400
-5.799100
-4.398000
-4.358000
-4.160700
-3.622400
-3.573000
-3.172900
-2.811000
-3.241200
-2.980100
-3.765200
-3.841500
-4.217900
-4.630800
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Figure B6. I'HNMR spectrum of 2.7 in CD2C12 at room temperature.
I
110 100 90 s0 70 60 SO 40 30 20 10 0 -10
ti (ppm)
Figure B7. 3 1P{ 1H} spectrum of 2.7 in CD 2Cl 2 at room temperature.
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Figure B8. 'H/' 9 Pt 2D HMBC NMR spectrum of 2.8. 1H NMR resonances along
horizontal axis and 195Pt NMR resonances along vertical axis.
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Table B14. Crystal data and structure
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 30.03"
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
refinement for 2.9.
08093
C38.50 H61 P3 Pt Si
839.96
100(2) K
0.71073 A
Triclinic
P-1
a= 11.088(2) A
b = 11.156(2) A
C 35.058(7) A
3814.7(13) A3
4
1.463 Mg/m3
3.861 mm-1
1716
89.95(3)0.
88.84(3) .
y =61.63 (3).
0.15 x 0.10 x 0.05 mm 3
0.58 to 30.030.
-i5<=h<=15, -1 5-=k<=l 5, -4Q<=1<=49
105344
22260 [R(in) = 0.0534]
99.7%
Semi-empirical from equivalents
0.8304 and 0.5951
Full-matrix least-squares on F2
22260/ 780 / 834
i.062
R 1 0.0307, wR2 = 0.0637
R 1 0.0407, wR2 = 0.0674
i 475 and - .198 e.A-3
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Table B15. Selected
Pt(1)-Si(1)
Pt(1)-P(1)
Pt(1)-P(2)
Pt(1)-P(3)
P(1)-Pt(1)-P(2)
P(1)-Pt(1)-P(3)
P(2)-Pt(1)-P(3)
Si(1)-Pt(1)-P(1)
Si(1)-Pt(1)-P(2)
Si(1)-Pt(1)-P(3)
I i
bond lengths [A] and angles [*] for 2.9.
2.3116(10)
2.3176(10)
2.3173(9)
2.3193(13)
117.48(4)
119.20(4)
119.74(3)
83.46(4)
84.01(4)
83.58(5)
4 3 2 i' i -i -6 -7 A-8' -; -00 -;I -1L
Figure B9. IH/1 95Pt 2D HMBC NMR spectrum of 2.9. 'H NMR resonances along
horizontal axis and 195Pt NMR resonances along vertical axis.
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Table B16. Crystal data and structure refinement for 2.10.
Identification code 08289
Empirical formula C68 H66 B F24 P3 Pt Si
Formula weight 1666.11
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/n
Unit cell dimensions a = 12.8824(10) A
b = 38.101(3) A
c = 14.3445(11) A
Volume 7033.8(9) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 30.60'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(l)]
R indices (all data)
Largest diff. peak and hole
900.
P= 92.5570(10)
90g.
4
1.573 Mg/m 3
2.184 mm-1
3328
0.35 x 0.35 x 0.20 mm 3
1.07 to 30.60'.
-1 8<=h<= 18, -54<=k<=54, -20<=l<=20
194167
21476 [R(int) = 0.0614]
99.1 %
Semi-empirical from equivalents
0.6692 and 0.5153
Full-matrix least-squares on F2
214761/ 1940 / 915
1.094
RI = 0.0358, wR2 = 0.0720
RI = 0.0485, wR2 = 0.0767
1.635 and -1.022 e.A-3
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Table B17. Selected bond lengths [A] and angles [0] for 2.10.
Pt(1)-Si(l) 2.2594(7)
Pt(l)-P(1) 2.3618(7)
Pt(l)-P(2) 2.3743(7)
Pt(1)-P(3) 2.3830(7)
P(l)-Pt(1)-P(2) 119.61(3)
P(1)-Pt(1)-P(3) 119.84(2)
P(2)-Pt(1)-P(3) 118.59(2)
Si(1)-Pt(1)-P(1) 84.57(3)
Si(l)-Pt(1)-P(2) 85.97(3)
Si(l)-Pt(1)-P(3) 85.46(2)
Table B18. DFT geometry optimized energy and coordinates of the cation of 2.10.
E(RB+HF-LYP) (a.u.): -1546.72424028
Pt 0.006500 -0.000200 -0.901100 C -1.684400 -3.160600 3.612200
P 2.216300 -1.086200 -0.690900 H -1.587400 -3.562000 4.617600
P -0.160700 2.462100 -0.688500 C -0.943400 -2.026800 3.231600
P -2.052000 -1.362500 -0.699100 H -0.262700 -1.582300 3.955900
Si -0.003000 -0.007100 1.389800 C -1.046100 -1.489100 1.925900
C 2.790900 -0.598400 1.007400 C 2.393800 -2.989800 -0.681500
C 4.146000 -0.654700 1.402500 H 1.877100 -3.305500 -1.599500
H 4.915500 -0.956500 0.696700 C 1.656600 -3.608700 0.529700
C 4.526500 -0.302100 2.710400 H 1.630500 -4.700900 0.421900
H 5.573300 -0.343900 2.999800 H 0.627100 -3.254600 0.620800
C 3.551900 0.110900 3.637800 1-I 2.179200 -3.379800 1.466200
H 3.842500 0.389700 4.647400 C 3.846300 -3,525600 -0.734700
C 2.201900 0.182700 3.248100 H 4.425400 -3.209700 0.141400
H 1.470100 0.542400 3.969700 1-1 4.385600 -3.225900 -1.639500
C 1.798200 -0.167800 1.937100 H 3.818400 -4.623400 -0.723600
C -0.889700 2.708400 1.003300 C 3.560600 -0.564200 -1.915700
C -1.526900 3.906600 1.396000 H 4.488400 -1.062800 -1.604100
H -1.646500 4.725500 0.691600 C 3.183700 -1.067000 -3.333900
C -2.034700 4.055200 2.699700 H 2.248200 -0.606300 -3.680400
H -2.528400 4.980000 2.986500 H 3.067300 -2.156000 -3.383400
C -1.907900 3.003900 3.626700 H 3.970900 -0.786400 -4.045200
H -2.302700 3.113000 4.633500 C 3.812800 0.957600 -1.929300
C -1.286600 1.802200 3.240000 H 4.626000 1.185500 -2.631200
H -1.234100 0.987800 3.960800 H 4.102200 1.340500 -0.944800
C -0.770000 1.632000 1.932700 H 2.920500 1.498700 -2.264100
C -1.919200 -2.121600 0.991400 C 1.395400 3.572200 -0.652300
C -2.650500 -3.266900 1.377900 H 1.933000 3.301300 -1.572300
H -3.301500 -3.773000 0.669900 C 2.295700 3.225300 0.557100
C -2.534700 -3.785200 2,680900 H 3.250700 3.758600 0.464500
H -3.097600 -4.671100 2.963300 H 2.512600 2.156600 0.629000
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H
C
H
H
H
C
H
C
H
H
1
C
H
H
H
C
1-1
C
1.828200
1.128500
0.583100
0.580000
2.092000
-1.272100
-1.332700
-0.616100
-0.511400
0.373000
-1.252600
-2.703300
-3.308500
-3.196900
-2.694000
-3.789200
-3.804300
-3.958400
3.542000
5.098300
5.426400
5.428200
5.625300
3.367000
4.413500
3.326500
2.292200
3.798400
3.858500
2.794800
3.393500
2.811100
1.762800
-0.562000
0.057900
0367300
1.497100
-0.679000
0.213900
-1.567500
-0.679900
-1.923100
-1.595500
-3.328200
-3.684700
-3.351300
-4.046700
-1.978900
-2.672500
-1.001600
-2.347800
-0.678000
-1.585800
0.547800
H
H
H
C
H
H
H
C
H
C
H
H
H
C
H
H
H
-4.892500
-3.139400
-4.021300
-4.980200
-5.003000
-4.984700
-5.916200
-2.273200
-3.170700
-1.084200
-1.293500
-0.902400
-0.166300
-2.514900
-i.641600
-3.392800
-2.674600
0.935200
1.082900
-0.214200
-1.550400
-2.215800
-2.160800
-0.976000
-2.774300
-3.329800
-3.756900
-4.565600
-4.211500
-3.253900
-2.179100
-1.605100
-i.523700
-2.991700
0.447600
0.651900
1.475300
-0.747300
0.124100
-1.656500
-0.738700
-1.938400
-1.635400
-1.959400
-2.672200
-0.979900
-2.284200
-3.350200
-3.690200
-3.392100
-4.070300
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Table B19. Crystal data and structure
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.57'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(l)]
R indices (all data)
Largest diff. peak and hole
refinement for 2.11.
09111
C70 H69 B F24 N P3 Pt Si
1707.16
100(2) K
0.71073 A
Monoclinic
P2(1)/c
a = 12.8547(12)^ a = 900.
b = 14.9356(13)^ J3= 96.574(2)0 .
c = 38.282(4)^ y =900.
7301.5(11) A3
4
1.553 Mg/im3
2.106 mm-1
3416
0.50 x 0.50 x 0.20 mm 3
1.07 to 29.570.
-17<=h<=]17, -20<=k<=20, -52<=l<=53
161763
20461 [R(int)= 0.0612]
99.9%
Semi-empirical from equivalents
0.6780 and 0.4190
Full-matrix least-squares on F2
20461 / 759/963
1.060
RI = 0.034 1. wR2 = 0.0706
RI = 0.0474, wR2 = 0.0762
1.373 and -0.820 e.^-3
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Table B20. Selected
Pt(1)-N(1 S)
Pt(1)-Si(1)
Pt(1)-P(1)
Pt(1)-P(2)
Pt(1)-P(3)
N(1 S)-Pt()-Si()
P(3)-Pt(1)-P(2)
P(3)-Pt(1)-P(2)
P(l)-Pt(I)-P(3)
N(IS)-Pt(1)-P( 1)
N(I S)-Pt(1)-P(2)
N(1 S)-Pt(1)-P(3)
Si(1)-Pt(l )-P(2)
Si(l)-Pt(1)-P(3)
bond lengths [A] and angles [ ] for 2.11.
2.175(2)
2.2845(7)
2.3856(7)
2.3942(7)
2.3929(7)
179.66(7)
119.28(3)
118.14(3)
118.14(3)
96.92(6)
97.12(6)
97.09(6)
83.00(3)
82.63(3)
83.24(3)
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Table B21. Crystal data and structure
Identification code
Empirical fonnula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.57'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
refinement for 2.12.
09115
C73 H71 B F24 N P3 Pt Si
1745.21
100(2) K
0.71073 A
Triclinic
P-1
a = 12.9006(10)^ a 80.7460(0)'.
b = 16.4405(13) p = 88.5490(10) .
c = 17.9294(14)A y= 81.5530(10).
3712.5(5) A3
2
1.561 Mg/m3
2.073 mm- 1
1748
0.50 x 0.40 x 0.20 mm 3
1.27 to 29.57'.
-17<=h<=17, -22<=k<=22, -24<=l<=24
83364
20655 [R(int)= 0.0443]
99.2 %
Semi-empirical from equivalents
0.6819 and 0.4237
Full-matrix least-squares on F2
20655 / 951 /960
1.044
RI = 0.0314, wR2 = 0.0699
RI = 0.0394, wR2 = 0.0740
1.316 and -0.719 e.A-3
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Table B22. Selected
Pt(1)-N(1)
Pt(l)-Si(l)
Pt(1)-P(1)
Pt(1)-P(2)
N(1)-Pt(1)-Si(l)
P(1)-Pt(1)-P(2)
N(1)-Pt(1)-P(l)
N(1)-Pt(1)-P(2)
Si(1)-Pt(1)-P(2)
Si(1)-Pt(l)-P(2)
bond lengths [A] and angles [0] for 2.12.
2.222(2)
2.3155(6)
2.3160(6)
2.3166(6)
173.23(6)
162.46(2)
92.49(5)
101.10(5)
84.85(2)
82.78(2)
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Figure BIO. 'H NMR spectrum of 2.12 in CD2C2 at room temperature.
'A 100 90 80 70 60 50 4'0 30 20 11 0 10
fl (ppm)
Figure B1. 31P{'I H} NMR spectrum of 2.12 In CD 2 CI2 ; the fluxional nature of 2.12 at
room-temperature results in a very broad resonance centered at approximately 40 ppm.
it W0 1 0 , 41, 14 0 - 2!
Figure B12. P{ 1H}- NMR spectrum of 2.13 in CD 2CI2 at room temperature.
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Figure B13. Variable-temperature H NMR spectrum of 2.13 in CD 2Cl 2 (500
blow-up of upfield region on right.
MHz);
Figure B14. Solid-state structure of 2.15. Thermal ellipsoids drawn at 50% probability.
Hydrogen atoms and solvent molecules omitted for clarity.
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Table B23. Crystal data and structure
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(O0O)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.30'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [l>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
refinement for 2.15.
09202
C37 H56 C13 P3 Pd Si
834.57
100(2) K
0.71073 A
Monoclinic
P2(1)/c
a= 10.1305(7) A
b= 24.594(2) A
c = 15.8544(13) A
3949.4(5) A3
4
a = 90'.
p = 91.071(2)0.
y=90 .
1.404 Mg/m 3
0.850 mm-
1736
0.48 x 0.25 x 0.18 mm 3
1.53 to 29.30'.
-13<=h<=13, -33<=k<=33, -21<=l<=21
79812
10738 [R(int)= 0.0520]
99.5 %
Semi-empirical from equivalents
0.8620 and 0.6857
Full-matrix least-squares on F2
10738 / 312 / 418
1.052
RI = 0.0333, wR2 = 0.0751
RI = 0.0450, wR2 = 0.0820
0.871 and -0.640 e.A-3
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Table B24. Selected bond lengths [A] and angles [0] for 2.15.
Pd(1)-CI(1) 2.5283(5)
Pd(1)-Si(1) 2.2763(5)
Pd(1)-P(1) 2.4088(6)
Pd(l)-P(2) 2.4207(5)
Pd(l)-P(3) 2.4160(6)
Si(1)-Pd(l)-Cl(1) 178.83(2)
P(3)-Pd(1)-P(2) 117.601(18)
P(l)-Pd(1)-P(2) 117.86(2)
P(1)-Pd(1)-P(3) 119.271(18)
P(1)-Pd(1)-CI(1) 96.490(18)
P(2)-Pd(1)-CI(1) 98.968(18)
P(3)-Pd(1)-Cl(1) 97.592(18)
Si(1)-Pd(1)-P(1) 82.682(18)
Si(I)-Pd(1)-P(2) 82.162(18)
Si(1)-Pd(1)-P(3) 82.122(18)
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Table B25. Crystal data and structure
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 30.03'
Absorption correction
Max. and min. transmission
Refinement niethod
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
refinement for 2.16.
09089
C68 H66 B F24 P3 Pd Si
1577.42
100(2) K
0.71073 A
Monocl inic
P2(1)/n
a = 12.8728(10) A
b:= 38.131(3) A
c = 14.4024(11)A
7063.5(9)^A3
4
a=90'.
92.3370(10)0.
7 900.
1.483 Mg/in 3
0,451 mm-1
3200
0.25 x 0.20 x 0.07 mm3
1.07 to 30.03'.
- I 8<=h<= 18, -53<=k<=53, .-20<=<=20
157672
20623 fR(int)= 0.0703]
99.7 %
Semi-empirical from equivalents
0.9691 and 0.8956
Full-matrix least-squares on
20623 / 702 / 935
1.067
R I 0.0483, wR2 = 0.1419
R 1 0.0729 wR2 =0.1603
0.917 and -0.757 e.A-3
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Table B26. Selected
Pd(1)-Si(l)
Pd(1)-P( 1)
Pd(1)-P(2)
Pd(1)-P(3)
P(1)-Pd(1)-P(2)
P(1)-Pd(1)-P(3)
P(3)-Pd(1)-P(2)
Si(1)-Pd(1)-P(1)
Si(1)-Pd(1)-P(2)
Si(1)-Pd(1)-P(3)
bond lengths [A] and angles
2.2506(7)
2.4338(7)
2.4383(7)
2.3988(7)
117.61(2)
119.04(3)
120.38(2)
85.17(3)
84.29(2)
83.32(2)
141 1 
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[*] for 2.16.
S 7 6 5 4 3 2 1 0 - 2 - 4 -
Figure B15. Variable tempterature 1H NMR spectra of the addition of H2 to 2.16. Spectra
taken in CD 2Cl 2 . The arrow indicates where free H2 should resonate.
-- Ji A
4-
Appendix C: Supplementary Data for Chapter 3
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Figure C1. Solid-state structure of 3.1a. Thermal ellipsoids drawn at 50% probability.
Hydrogen atoms omitted for clarity.
Table C1. Crystal data and structure
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 30.510
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
refinement for 3.1a.
09401
C37 H57 Ni P3 Si
681.54
100(2) K
0.71073 A
Orthorhombic
Pbca
a = 16.1008(13) A
b = 16.9634(13) A
c = 25.931(2) A
7082.4(10) A3
8
a = 90'.
P=90.
Y = 90*.
1.278 Mg/m 3
0.742 mm-1
2928
0.50 x 0.40 x 0.25 mm 3
1.57 to 30.5 10.
-22<=h<=23, -24<=k<=24, -37<=I<=37
152436
10796 [R(int) = 0.0595]
99.9 %
Semi-empirical from equivalents
0.8362 and 0.7079
Full-matrix least-squares on F2
10796 / 309 / 392
1.078
RI = 0.0356, wR2 = 0.0848
RI = 0.0482, wR2 = 0.0939
0.697 and -0.360 e.A-3
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Table C2. Selected
Ni(1)-C(100)
Ni(l)-Si(1)
Ni(1)-P(1)
Ni(1)-P(2)
Ni(1)-P(3)
C(100)-Ni(1)-Si( 1)
P(1)-Ni(I)-P(2)
P(3)-Ni(1)-P(l)
P(3)-Ni(1)-P(2)
C(100)-Ni(I)-P( 1)
C(I 00)-Ni( 1)-P(2)
C(100)-Ni(1)-P(3)
Si(I)-Ni(l)-P(1)
Si(1)-Ni().-P(2)
Si(I)-Ni(I)-P(3)
bond lengths [A] and angles [0] for 3.1a.
2.0643(15)
2.2247(5)
2.2686(5)
2.2764(4)
2.2346(4)
177.33(4)
116.192(16)
118.530(16)
121.683(17)
98.09(4)
96.68(4)
94.29(4)
84.196(16)
83.484(16)
83.376(17)
9.0 8.5 8.0- ; 70 ( 6.5 6D i 5.0 <, 4.3 30 1.5 - ) 5 2.0 1.3 1. 0 -05 6.0 -0.5
Figure C2. H NMR spectrum of3.1b in C6D0 at 25 4C.
85 80 75 70 63 60 55 50 45 40 35 30 25
Figure C3. "'P{'H} NMR spectrum of 3.1b in C6D6 at 25 'C
2!8
Table C3. Crystal data and structure refinement for 3.2a.
Identification code 09450
Empirical formula C77.75 H75.75 B F24 N2 Ni P3 Si
Formula weight 1684.67
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2/c
Unit cell dimensions a = 47.534(4) A = 90'.
b = 13.9003(11) A p 128.6300(10).
c = 30.423(2) A = 900.
Volume 15703(2) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 30.03'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(l)]
R indices (all data)
Largest diff. peak and hole
8
1.425 Mg/r 3
0.425 mm-1
6914
0.50 x 0.25 x 0.20 mm 3
1.10 to 30.030.
-66<=h<=66, -19<=k<=1 9, -.42<=l<=42
211753
22976 [R(int):= 0.0677]
100.0%
Semi-empirical from equivalents
0.9199 and 0.8158
Full-matrix least-squares on F2
22976 / 48 / 1037
1.021
RI = 0.0464, wR2 = 0.1140
RI = 0.0680, wR2 = 0,1291
1.202 and -0.833 e.^-3
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Table C4.
Ni(l)-N(1)
N(l)-N(2)
Ni(1)-Si(1)
Ni(l)-P(1)
Ni(1)-P(2)
Ni(1)-P(3)
Selected bond lengths [A]
1.9049(16)
1.087(2)
2.2452(5)
2.3064(5)
2.3340(6)
2.3099(5)
and angles [0] for 3.2a.
N(1)-Ni(1)-Si(l)
N(2)-N(1)-Ni( 1)
P(1)-Ni(I)-P(2)
P(1)-Ni(1)-P(3)
P(3)-Ni(1)-P(2)
N(1)-Ni(1)-P(1)
N(1)-Ni(1)-P(2)
N(l)-Ni(I)-P(3)
Si(l)-Ni(1)-P(1)
Si(l)-Ni(1)-P(3)
Si(1)-Ni(1)-P(2)
Figure C4. S
178.63(5)
179.8(2)
120.044(19)
118.03(2)
117.31(2)
95.84(5)
97.18(5)
98.53(5)
83.11(2)
82.757(19)
82.613(19)
olid-state IR spectrum of 3.2a in KBr.
Figure C5. Solution IR spectrum of 3.2a in CH 2 Cl2 .
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Table C5. DFT geometry optimized energy, lowest calculated frequency, and
coordinates of the cation of 3.2a.
E(RB+HF-LYP) (a.u.):
Lowest frequency:
0.000000
0.000000
0.000000
-2.326100
0.815300
1.510800
0.000000
-2.546700
-3.658600
-4.447800
-3.755900
-4.615000
-2.748500
-2.822200
-1.635800
-0.841600
-1.516200
-3.586000
-3.400900
-3.328700
-3.519600
-2.309000
-4.009500
-5.060700
-5.693700
-5.354500
-5.297600
-3.122600
-4.096900
-2.336500
-1.356300
-2.189300
-2.885800
-3.375000
-3.933600
-3.961800
-2.442600
0.228400
0.114100
0.000000
0.000000
0.000000
-0.401600
2.215300
-1.813700
0.000000
-1.206600
-1.980500
-2.193500
-2.506300
-3.113100
-2.259200
-2.673400
-1.497700
-1.347200
-0.962500
1.021400
1.584000
1.948400
1.434500
2.330800
2.805900
0.580500
1.475700
-0.014600
0.014200
-1.554300
-1.816400
-2.854300
-2.661500
-3.396100
-3.512800
-0.858500
-1.538100
0.059100
-0.613200
2.808800
4.158700
-4336.16757947
31.77
0.939600
2.758600
3.875400
0.651100
0.651100
0.651100
-1.309800
-0.992100
-1.355100
-0.640600
-2.644700
-2.916300
-3.578800
-4.580500
-3 .2 17500
-3.945200
-1.925500
0.587500
1.509600
-0.607300k
-. 555000
-0.634700
-0.554100
0.571400
0.565400
1.439200
-0.334900
1.916700
1.487700
2.117600
2.566200
1.180000
2.800700
3.266600
3.920500
3.175600
3.780200
-0.992100
-1.355100
0.324300
-0.292500
-0.388600
-0.582200
-0.904200
-0.479100
-0.745900
-0.075500
2.677500
3.072200
3.351700
3.002100
3.173000
4.434700
3.033100
4. 124900
2.664600
2.661100
0.215200
0.475400
-1.303700
-1.626800
-1.846400
-1.599300
0.944000
0.634800
2.032000
0.690200
2.318300
3.544500
4.123500
4.048500
5.003500
3.330800
3.726400
2.114900
1.587500
1.591700
0.908400
4.948600
4.505900
5.553200
3.509900
3.780800
2.165500
1.402400
1.794300
2.594900
2.153200
1.908600
2.330800
0.834200
2.069400
4.092500
4.193000
4.644400
4.580700
3.481500
4.456200
3.450700
2.505400
3.594000
4.255500
3.352100
4.175600
3.401500
2.421900
-1.602200
-2.178200
-2.755100
-1.999600
-2.440100
-1.250700
-1.107400
-0.667800
-0.055200
-0.831800
-3.616200
-0.640600
-2.644700
-2.916300
-3.578800
-4.580500
-3.217500
-3.945200
-1.925500
0.587500
1.509600
-0.607300
-1.555000
-0.634700
-0.554100
0.571400
0.565400
1.439200
-0.334900
1.916700
1.487700
2.117600
2.566200
1.180000
2.800700
3.266600
3.920500
3.175600
3.780200
-0.992100
-1.355100
-0.640600
-2.644700
-2.916300
-3.578800
-4.580500
-3.217500
-3.945200
-1.925500
0.587500
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0.328700
-0.023000
0.517500
-0.864000
-0.425200
2.027600
1.568800
2.689900
2.636500
2.907400
-3.737200
-3.856900
-3.765300
-3.165000
-4.875300
-4.673000
-5.668800
-4.629800
-4.594900
-1.927100
1.509600
-0.607300
-1.555000
-0.634700
-0.554100
0.571400
0.565400
1.439200
-0.334900
1.916700
3.621500
3.640200
2.983100
4.035700
4.485100
2.431000
3.298800
1.929700
1.752300
-2.639800
-0.596300
0.156200
-0.197900
-0.742700
-2.493600
-2.637500
-3.460500
-1.808700
1.487700
2.117600
2.566200
1.180000
2.800700
3.266600
3.920500
3.175600
3.780200
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Table C6. Crystal data and structure refinement for 3.2b.
Identification code ct07
Empirical formula C86 H54 B F24 N2 Ni P3 Si
Formula weight 1761.83
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1
Unit cell dimensions a = 13.2952(6) A
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 28.28*
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
b = 15.4595(7) A
c = 20.2687(10) A
3992.6(3) A3
= 74.996(3)0.
= 84.981(3)0.
= 83.775(3)'.
2
1.466 Mg/m 3
0.422 mm-1
1784
0.23 x 0.15 x 0.08 mm 3
1.81 to 28.28'.
-1 7<=h<=1 7, -20<=k<=20, -25<=l<=27
72851
19649 [R(int)= 0.0712]
99.1 %
Semi-empirical from equivalents
0.9671 and 0.9093
Full-matrix least-squares on F2
19649 / 1036 / 1073
1.011
RI = 0.0526, wR2 = 0.1037
RI = 0.0963, wR2 = 0.1203
1.215 and -0.987 e.A-3
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Table C7. Bond lengths [A] and angles [0] for 3.2b.
Ni(1)-N(1) 1.891(2)
N(1)-N(2) 1.083(3)
Ni(l)-Si(1) 2.2396(8)
Ni(1)-P(1) 2.2352(8)
Ni(1)-P(2) 2.2770(8)
Ni(1)-P(3) 2.2465(7)
N(l)-Ni(1)-Si(1) 172.87(7)
N(2)-N(1)-Ni(1) 175.2(2)
P(1)-Ni(1)-P(2) 116.33(3)
P(1)-Ni(1)-P(3) 125.29(3)
P(3)-Ni(l)-P(2) 113.84(3)
N(1)-Ni(1)-P(1) 96.32(7)
N(l)-Ni(l)-P(2) 102.30(8)
N(1)-Ni(1)-P(3) 93.14(7)
Si(1)-Ni(1)-P(1) 83.64(3)
Si(1)-Ni(l)-P(2) 84.02(3)
Si(1)-Ni(1)-P(3) 81.16(3)
Figure C6. Solid-state IR spectrum of 3.2b in KBr.
Figure C7. Solid-state IR spectrum of 3.2b in C6H6.
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Table C8. DFT geometry optimized energy, lowest calculated frequency, and
coordinates of the cation of 3.2b.
E(RB+HF-LYP) (a.u.):
Lowest frequency:
0.010100
0.013400
0.042900
2.267500
-1.372500
-0.921300
0.045900
2.650600
3.859500
4.642100
4.051600
4.986000
3.040600
3.188400
1.835800
1.048800
1.624000
3.058500
2.276400
1.208200
2.861300
2.238500
4.236700
4.692100
5.026800
6.098400
4.444600
5.070700
3.307900
3.677200
3.388800
4.437000
4.730200
4.821800
5.418600
4.441100
4.737500
3.691100
3.416400
-0.025600
-0.141500
-0.287300
0.319400
1.822500
-2.101200
-0.068300
0.961000
1.577100
1.716000
2.036800
2.521200
1.886900
2.257400
1.275100
1.189900
0.799700
1.491600
2.459000
2.501400
3.388700
4.132400
3.362900
4.084200
2.402700
2.373600
1.472200
0.720300
-1.193600
-1.663700
-1.113200
-2.825800
-3.165900
-3.545800
-4.447600
-3.097200
-3.650500
-1.927400
-1.583700
-5014.9819696
15.79
-0.417600
-2.247700
-3.352700
-0.201100
-0.103500
-0.114200
1.837300
1.482500
1.831000
1.091700
3.133800
3.402800
4.087100
5.097700
3.738200
4.483900
2.433200
-1.385100
-2.032000
-1.854300
-2.893300
-3.381700
-3.121700
-3.794100
-2.485800
-2.662000
-1.626100
-1.156600
-0.356900
-1.628500
-2.519100
-1.759800
-2.749000
-0.626100
-0.728600
0.639800
1.526500
0.776400
1.768400
-2.041900
-3.025300
-3.437800
-3.475800
-4.244200
-2.941600
-3.303800
-1.934100
-1.518800
-1.458800
-2.802300
-2.527900
-1.503000
-3.561000
-3.329300
-4.888500
-5.695300
-5.170000
-6.198600
-4.136100
-4.377200
-0.676900
-1.189700
-2.031400
-0.628200
-1.039100
0.441900
0.873900
0.951400
1.781500
0.399300
0.809700
-0.361900
-0.375800
-0.697200
0.044200
0.043500
0.474100
0.809100
1.809500
2.699400
3.453000
2.619400
3.302600
1.661300
1.592600
0.804200
0.071900
0.875300
1.851300
1.993400
2.104700
2.022700
2.141400
1.906600
1.937100
1.751600
1.655700
1.716100
1.575300
3.535300
4.527500
4.316100
5.807300
6.564200
6.115900
7.112500
5.137100
5.367600
3.858400
3.111900
-2.812700
-4.180600
-4.905700
-4.609900
-5.670100
-3.680400
-4.020400
1.611400
2.068100
1.403400
3.385100
3.735500
4.251700
5.273800
3.809400
4.498200
2.489100
-1.263400
-2.636800
-2.978700
-3.572000
-4.626600
-3.151300
-3.877900
-1.794400
-1.458400
-0.855300
0.191700
-0.228800
-1.076900
-1.726200
-1.088600
-1.751000
-0.250000
-0.259400
0.606500
1.268000
0.615700
1.287900
1.482500
1.785000
1.043000
3.044500
3.281500
3.995900
4.972000
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C 0.488600 -2.318300 3.690000 H -2.381900 -3.547100 -2.333900
H 0.852000 -1.611000 4.431900 C -2.760500 -2.179800 -0.048600
C 0.068200 -1.865400 2.429500 C -3.504400 -1.656800 -1.119400
C -0.450100 -3.364400 -1.373600 H -3.002700 -1.160700 -1.945400
C 0.878000 -3.823200 -1.377500 C -4.894800 -1.768000 -1.137500
H 1.585000 -3.453500 -0.642100 H -5.451900 -1.369000 -1.979500
C 1.293300 -4.772400 -2.309800 C -5.564100 -2.375100 -0.073700
H 2.320900 -5.122600 -2.292000 H -6.647200 -2.458300 -0.086700
C 0.395600 -5.268000 -3.257800 C -4.836100 -2.870000 1.008600
H 0.721500 -6.006700 -3.984600 H -5.349700 -3.336500 1.844500
C -0.922600 -4.813600 -3.263300 C -3.443400 -2.780400 1.020400
H -1.630200 -5.198400 -3.992200 H -2.893400 -3.183700 1.863200
C -1.347000 -3.869300 -2.326200
C
CW
6 N
P P-
Figure C8. Solid-state structure of 3.3a. Thermal ellipsoids drawn at 50% probability.
Hydrogen atoms and BAr F anion omitted for clarity.
226
Table C9. Crystal data and structure refinement for 3.3a.
Identification code 09453
Empirical formula C70 H69 B F24 N Ni P3 Si
Formula weight 1570.78
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/c
Unit cell dimensions a = 12.8286(8) Aa = 90'.
b = 14.9103(10) Ap = 96.7790(10)0
c = 38.095(3)^ y =90g.
Volume 7235.7(8) A3
Z
Density (calculated)
Absorption coefficient
F(OO0)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 30.54'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [1>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
4
1.442 Mg/im3
0.454 mm-1
3216
0.50 x 0.25 x 0.25 mm 3
1.08 to 30.54'.
-1 8<=h<=]18, -21<=k<=21, -53<=l<=53
198282
22112 [R(int)= 0.0664]
99.7%
Semi-empirical from equivalents
0.8949 and 0.8047
Full-matrix least-squares on F2
22112 / 46 / 943
1.026
RI = 0.0479, wR2 = 0.1096
RI = 0.0708, wR2 = 0.1239
0.812 and -0.563 e.A-3
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Table C10. Selected
Ni(1)-N(1)
N(1)-C(1)
C(1)-C(2)
Ni(1)-Si(1)
Ni(1)-P(1)
Ni(I)-P(2)
Ni(1)-P(3)
N(1)-Ni(1)-Si(1)
C(1)-N(l)-Ni(1)
N(l)-C(1)-C(2)
P(2)-Ni(I)-P(l)
P(3)-Ni(1)-P(1)
P(2)-Ni(I)-P(3)
N(1 -)-Ni(1)-P(l)
N(1)-Ni(1)-P(2)
N(1)-Ni(1)-P(3)
Si(1)-Ni(l)-P(2)
Si(1)-Ni(1)-P(2)
Si(1)-Ni(1)-P(3)
bond lengths [A] and angles [0] for 3.3a.
1.9359(16)
1.140(3)
1.461(3)
2.2297(6)
2.3229(6)
2.3054(5)
2.3154(5)
179.26(5)
178.49(17)
178.7(2)
119.52(2)
117.75(2)
117.94(2)
97.53(5)
96.85(5)
97.58(5)
82.23(2)
82.68(2)
83.15(2)
Fi r 7C90 6H M s t0 S. a2. 2. 0.C 0I0 a
Figure '9.H N MR spectrum of 3.3a in CD,?C12 at 25 'C.
5 C 80 75
Figure C10. 31P{'H
70 65 60 V 50) 45 40 39 30 2Ss
NMR spectrum of 3.3a in CD 2 Cl2 at 25 'C.
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Table C11. Crystal data and structure refinement for 3.4a.
Identification code ct03
Empirical formula C69 H66 B Cl F24 Ni 0 P3 Si
Formula weight 1593.19
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group Pbca
Unit cell dimensions a = 26.3375(11)^ a = 90'.
b = 19.5435(8) p = 90.
c = 27.2078(10) A y=90.
Volume 14004.6(10) A3
Z
Density (calcuiated)
Absorption coefticient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta 30.54*
Absorption correction
Max. and min. transmissiori
Refinement method
Data / restraints! paraneters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff peak and hole
8
t.511 Mg/m 3
0. 508 mm-
6504
0.26 x 0.18 x 0. 1 -"mm
1.86 lo 30.54'.
-.35<=h<=37. -26<=k<=>27, -33<=1<=38
190453
21390 [R(int) = 0.0698]
;9.9 %
Seni.-eripirical from equivalents
0.9277 and 0.8792
Full-matrix 1ast-squares on F2
2i390 /970 / 923
*.003
RI = 0,0540. wR2 = 0.1278
RI = 0.0832. wR2 = 0.1443
2.027 and -0.826 eA 3
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Table C12. Selected bond lengths [A] and angles [0] for 3.4a.
Ni(1)-C(1) 1.787(4)
C(1)-O(1) 1.157(8)
Ni(1)-Cl(1) 2.303(15)
Ni(1)-Si(1) 2.2578(6)
Ni(1)-P(l) 2.2909(6)
Ni(1)-P(2) 2.3201(6)
Ni(1)-P(3) 2.3006(6)
C(l)-Ni(1)-Si(l) 178.87(15)
0(1)-C(l)-Ni(1) 178.7(4)
P(1)-Ni(1)-P(2) 119.52(2)
P(l)-Ni(l)-P(3) 117.71(2)
P(3)-Ni(1)-P(2) 117.68(2)
C(1)-Ni(1)-P(1) 97.61(15)
C(l)-Ni(1)-P(2) 96.75(15)
C(1)-Ni(1)-P(3) 98.29(14)
Si(1)-Ni(1)-P(1) 82.39(2)
Si(1)-Ni(1)-P(2) 82.29(2)
Si(1)-Ni(1)-P(3) 82.69(2)
Si(l)-Ni(1)-Cl(l) 175.8(4)
P(l)-Ni(1)-Cl(1) 96.4(3)
P(3)-Ni(1)-Cl(1) 94.4(4)
Cl(1)-Ni(1)-P(2) 101.8(4)
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Table C13. Crystal data and structure
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 30.47'
Absorption correctior
Max. and min. transmission
Refinement method
Data / restraints / pariameters
Goodness-of-fit on F2
Final R indices [J>2sigma(1)]
R indices (all data)
Largest diff. peak and hole
refinement for 3.4b.
ct 10
C87 H54 B F24 Ni O P3 Si
1761.82
100(2) K
0.71073 A
Triclinic
P-1
a = 13.2892(5)A a = 74.8510(10) .
b = 15.4570(6) A = 85.1070(l0) .
c = 20.2883(7)^ y 83.8420(10) 0.
3992.3(3) A3
1.466 Mg/m3
0.422 mm-1
1784
0.32 x 0.16 x 0.08 mm 3
1.91 to 30.470.
-I 8<=h<=18, -22<=k<=22,
93327
24174 [R(int)= 0.04901
99.6 %
-26<=l<=28
Senif-empirical from equivalents
0.9670 and 0.8768
Full-matrix least-squares on F2
24174 / 1147/ 1090
1.019
R 1 0,0470, wR2 = 0. 1140
R 1 0.0733, wR2 = 0.1289
1.423 and --0.857 e.A- 3
..3 1
Table C14.
Ni(1)-C(l)
C(1)-O(1)
Ni(1)-Si(1)
Ni(1)-P(1)
Ni(1)-P(2)
Ni(1)-P(3)
C(1)-Ni(l)-Si(1)
P(1)-C(1)-Ni(l)
P(1)-Ni(1)-P(2)
P(2)-Ni(1)-P(3)
P(2)-Ni(l)-P(3)
C(1)-Ni( I)-P(3)
C(1)-Ni(1)-P(2)
C(1)-Ni(1)-P(3)
P(1)-Ni(1)-Si(1)
P(2)-Ni(1)-Si(1)
Si(1)-Ni(l)-P(3)
Bond lengths [A] and angles 10] for 3.4b.
1.796(2)
1.137(3)
2.2631(6)
2.2271(6)
2.2385(5)
2.2661(6)
172.56(7)
175.9(2)
124.87(2)
116.53(2)
-113.63(2)
96.32(7)
93.33(7)
103.13(7)
83.23(2)
80.95(2)
83.62(2)
>r F~
1
AA: ~ C IO 3;P P 1M
Figure C11. Solid-state IR spectrum of 3.4a in KBr.
Figure C12. Solution IR spectrum of 3.4a in CH 2 Cl2 .
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tvl XI-C, Iw
Solid-state IR spectrum of 3.4b in KBr.
Figure C14. Solution IR spectrum of 3.4b in C6H6 .
8,5 8b . 7, 0 6, 6.0 5.5 5.0 4.5 4.0 15 11f0 2. 10 3.5 0 0.5 . -0.5 -. 0 -I.S -2.0 -2.5 -30 -15 -4,0
Figure C15. 1H NMR spectrum of 3.5a in CD 2 Cl2 at 25 OC. Peak marked with a '
symbol is from free H2 in solution; peaks marked with a '*' symbol correspond to{[SiP ]Ni-C!}{ BAr F4) from decomposition of the [SiP'? f]Ni(N 2)} {BArF4 } starting
material.
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Figure C13.
I, I
85 80 75 70 65 6C 55
Figure C16. 3 P{'H} NMR spectrum of 3.5a in
~ ;JA A
50 45
CIH2C12 at 25 C.
A
ii
40 35 30 25
-- --- I r-T ---- -' ri- ---r -- r ---- m-- r-r - r r r r 7 --- T
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Figure C17. 'H NMR spectrum of 3.5a in CD 2 C 2 at -70 'C. Peak marked with a '
symbol is from free H2 in solution.
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Figure C18. VT 'H NMR spectra of 3.5a in CD 2Cl2. Peaks marked with an arrow are
from free H2 in solution.
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Figure C19. VT 'H NMR spectrum of 3.5a' in CD2 Cl 2 at -70 'C. Peaks marked with a
#' symbol are from free H2 (singlet) and HD (three-line pattern) in solution.
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Table C15. DFT geometry optimized energy, lowest calculated frequency, and
coordinates of the cation of 3.5a.
E(RB+HF-LYP) (a.u.): -4227.79096232
Lowest frequency: 21.21
Ni -0.015200 0.009600 -0.985900 H 2.776200 2.696900 4.498200
Si -0.031700 -0.017500 1.241700 C 1.533700 1.564900 3.148300
P 1.741800 -1.520100 -0.752400 H 1.323000 0.798800 3.891100
C 1.492100 -2.376000 0.860100 C 1.002600 1.455200 1.854000
C 2.016700 -3.636200 1.180500 C -0.847900 3.596400 -0.668500
H 2.567700 -4.213300 0.444000 H -1.440600 3.424100 -1.572600
C 1.817200 -4.176100 2.452700 C -1.763900 3.415700 0.548500
H 2.216600 -5.157700 2.691200 H -1.223500 3.598300 1.483000
C 1.100300 -3.459000 3.412000 H -2 200200 2.418500 0.602800
H 0.942400 -3.881200 4.400600 H -2.585000 4.140000 0.495300
C 0.566900 -2.208900 3.092800 C -0.327300 5.043900 -0.704800
H -0.021600 -1.681000 3.839900 H -1.184600 5.726200 -0.664700
C 0.749600 -1.650500 1.818400 H 0.231800 5.286300 -1.612300
C 3.576000 -1.015000 -0.664600 H 0.301800 5.268200 0.162700
H 3.722400 -0.386200 -1.548300 C 1.656600 2.963800 -2.039400
C 3.868900 -0.170000 0.581800 H 1.917700 3.97!300 -1.696700
H 3.747700 -0.757900 1.497400 C 2.954300 2.167200 -2,199000
H 3.226300 0.706800 0.65810(0 H 2.753700 1.171500 -2.608200
H 4.908400 0.176500 (.547800 H 3.490900 2.053800 -1.253300
C 4.578100 -2.180600 -0.736400 H 3.618600 2.683300 -2.901900
H 5.594200 -1.771900 -0.683900 C 0.934200 3.086900 -3.391700
H 4.514100 -2.758200 -1.662000 1-1 1.612700 3.524000 -4.133000
H 4.464100 -2.864500 0.110700 H 0.044500 3.72 1300 -3.347300
C 1.792600 -2.848000 -2.088300 H 0.630400 2.104200 -3.773300
H 2.548700 -3.571200 -1.762800 P -2.215200 -0.681700 -0.765500
C 0.467100 -3.596400 -2.252000 C -2.834600 -0.113500 0.871800
H -0.3 12200 -2.935900 -2.646200 C -4.186800 0.050900 1.203100
H 0.114200 -4.025400 -1.310600 H -4.964700 -0.104600 0.461400
1 0.594400 -4.416400 -2.968400 C -4.548200 0.437900 2.495200
C 2.246200 -2.248400 -3.430400 H -5.596600 0.574200 2.744400
H 2.298100 -3.038300 -4.188200 C -3.564200 0.655700 3.461300
H 3.233000 -1.779600 -3.377600 H -3.846700 0.960900 4.464900
H 1.535300 -1.497200 -3.795200 C -2.216300 0.502000 3.131400
P 0.500900 2.256000 -0.731100 H -1.461700 0.711100 3.886300
C 1.323600 2.450300 0.904000 C -1.830300 0.119400 1.837700
C 2.168000 3.514300 1.250900 C -2.674600 -2.526800 -0.768500
H 2.437300 4.272000 0.521200 -2.196400 -2.917700 -1.672700
C 2.690400 3.600100 2.543000 C -2,080100 -3.255400 0.443400
H 3.353100 4.420300 2.803900 H -2.541800 -2.915400 1.376200
C 2.366400 2.630900 3.494200 H -1.003100 -3.114800 0.532600
236
-2.273800
-4.181800
-4.325300
-4.655000
-4.720000
-3.385900
-4.390000
-3.373500
-2.414500
-4.330500
-2.825700
-3.9 12700
-2.445300
-2.427400
-0.017800
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Figure C20. 'H NMR spectrum of 3.5b in toluene-ds at 25 *C.
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Figure C21. 1P{ H} NMR spectrum of 3.5b in toluene-d8 at 25 0C.
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Figure C22. 1H NMR spectrum of 3.5b in toluene-d8 at
symbol is from free H2 in solution.
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Figure C23. VT 'H NMR spectra of 3.5b in toluene-d8 . Peaks marked with an arrow are
from free H2 in solution.
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Figure C24. 1H NMR spectrum of 3.5b' in toluenc-ds at 200C. Peak marked with a T
symbol is from free 1H2 (singlet) and Hi) (three-line pattern I solution.
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Figure C25. H1- NMR spectrum of deprotonation of 13.5b in C6D6 at 25 *C. Peaks marked
with a '# symbol are from thte resulting hydride, 3.6b;- peaks marked with a **' symbol
are from remaining 3.5b. The large peaks at 2.34 and 10,91 are ftrm excess triethylamine.
Table C16. Du~r geometry optimized energy, lowest calculated fi-equency, and
coordinates of the cation of 3.5b.
E(RB+-HF-LYP) (a.u.): -4906.59940165
Lowest frequency: 15.80
Ni 0.042900 0.010800 -0.439000 C -3.973200 2.053200 3.087200
Si 0.095400 0.069600 1.793500 H -4.919700 2.513400 3.356400
P -1.548900 1.627500 -0.262600 C -3.238900 1.349400 4.045500
C -2.283800 1.556500 1.428400 'H -3.615500 1.260200 5.060700
C -3.499500 2.157500 179500 C -2b a02 95f00 tn.748400 3.694900
H -4.086800 2.689900 1.038200 H -3483000 0.180600 4.444500
239
-1.531800
-2.971600
-3.272800
-2.665100
-4.367800
-4.586400
-5.177100
-6.027700
-4.886900
-5.509200
-3.793100
-3.569500
-0.953100
-0.824200
-1.114600
-0.343900
-0.267900
0.033500
0.402800
-0.072100
0.217400
-0.565000
-0.655500
-0.694400
-0.298800
-0.493100
-0.911600
-0.151900
-0.293200
0.372000
0.649200
0.522200
0.914700
0.175400
0.111500
-0.092400
-0.718600
0.479000
0.301600
1.272900
1.715900
1.493000
2.114300
0.920800
1.120800
-2.492300
0.845600
1.584900
0.399700
-0.485500
0.333100
-0.596600
1.452200
1.402100
2.640400
3.518300
2.708700
3.646900
3.368200
3.966900
3.423000
5.270800
5.725800
5.988800
7.006100
5.394200
5.945700
4.093700
3.652 100
-2.148700
-2.704700
-4.017000
-4.772800
-4.355300
-5.374300
-3.386300
-3.655500
-2.070600
-1.323000
-1.707200
-3.317400
-3.095800
-2.270800
-3.937500
-3.755800
-5.014100
-5.674200
-5.233600
-6.063600
-4.390500
-4.569300
-2.568100
2.384500
-1.437700
-2.123700
-1.974700
-2.986900
-3.504100
-3.178900
-3.852700
-2.504600
-2.652900
-1.642600
-1.144900
-0.407900
-1.671900
-2.566000
-1.792200
-2.775900
-0.654900
-0.748700
0.603600
1.493600
0.728900
1.716000
-0.146100
1.563800
2.019600
1.361000
3.328700
3.677500
4.189100
5.204600
3.750400
4.436200
2.438600
-1.323700
-2.698700
-3.030900
-3.651300
-4.707500
-3.245600
-3.985700
-1.886500
-1.561900
-0.929800
0.120100
-0.284300
-3.009800
-2.351900
-4.381200
-4.765000
-5.249300
-6.314200
-4.740500
-5.407300
-3.375500
-2.999700
2.241500
2.538300
3.654400
4.402100
3.792800
4.652100
2.825300
2.933800
1.712400
0.955 100
1.554200
2.942400
2.539700
1.856600
3.028700
2.7 13500
3.915400
4.294600
4.3 17000
5.013800
3.838100
4.182400
3.390300
3.364600
2.643000
4.260900
4.232000
5.178700
5.873800
5.194900
5.900900
4.312500
4.349100
-0.059100
0.340400
-3.488500
-4.008900
-3.756000
-4.474600
-3.116500
-3.328500
-2.206000
-1.706700
-1.932000
-1.221900
0.486900
1.359600
2.161600
2.340900
2.745200
3.375200
2.527400
2.990600
1.729700
1.593800
1.133800
1.594700
2.940800
3.307700
3.820800
4.859600
3.369900
4.056800
2.034300
1.676200
1.150200
0.122500
-0.953900
-1.879800
-1.773900
-2.948100
-3.647400
-3.123100
-3.957600
-2.224100
-2.356500
-1.142900
-0.447800
0.325300
-0.377600
-1.206800
-1.893600
-1.245700
-1.964600
-0.362000
-0.392500
0.567500
1.264700
0.605500
1.335200
-0.208900
1.377900
1.647500
0.880300
2.907700
3.119400
3.892700
4.869600
3.619800
4.388500
2.358900
-1.506800
-1.510200
-0.751500
-2.474500
-2.456300
-3.454400
-4.205700
-3.459400
-4.212000
-2.490600
-2.497900
-0.165500
-1.221600
-2.026800
-1.251500
-2.081500
-0.214400
-0.235700
0.851900
1.666900
0.875300
1.706600
-2.048800
-1.998500
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Figure C26. Solid-state structure of 3.6a. Partially-occupied (2.6%) chloride position
also shown. Thermal ellipsoids drawn at 50% probability. Hydrogen atoms omitted for
clarity.
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Table C17. Crystal data and structure
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 36.32'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [1>2sigma(l)]
R indices (all data)
Largest diff. peak and hole
refinement for 3.6a.
ct 15
C36 H55 Cl Ni P3 Si
702.96
100(2) K
0.71073 A
Triclinic
P-1
a= 10.9905(7) A
b= 11.1304(7)^
ec 16.81i44(1 1) ^ A
1761.8(2) A3
2
78.237(3)0.
p = 79.052(3) .
y = 61.648(2)0 .
1.325 Mg/rm3
0.821 mnri
750
0.36 x 0.35 x 0.04 mm 3
1.24 to 36.32'.
-18<=h<=189, -8<=k<= 18, -28<=1<=28
82069
16765 [R(int) 0.0631]
98.0 %
Semi-empirical from equivalents
0.9679 and 0.7564
Full-matrix least-squares on F2
16765 / 0 /390
i.055
R I = 0.04o2, wR2 = 0.1045
RI = 0.0750, wR2 = 0.1168
1.065 and -0.544 e.A-3
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Table C18. Selected
Ni(1 )-H( 100)
Ni(l)-Cl(1)
Ni(1)-Si(1)
Ni(1)-P(l)
Ni(1)-P(2)
Ni(l)-P(3)
Si(1)-Ni(1)-H(100)
Si(l)-Ni(1)-CIl)
P(1)-Ni(l)-P(2)
P(I)-Ni(1 )-P(3)
P(3)-Ni(1)-P(2)
P(1)-Ni(1)-H(l00)
P(2)-Ni(l)-H(100)
P(3)-Ni(1)-H(100)
P(2)-Ni(1)-CI(1)
P(2)-Ni(1)-CIl)
P(3)-Ni(1)-Cl(1)
Si(1)-Ni(1)-P(l)
Si(1)-Ni(l)-P(2)
Si(1)-Ni(1)-P(3)
bond lengths
1.49(3)
2.345(16)
2.2014(5)
2.2045(5)
2.2096(4)
2.2085(4)
174.3(9')
178.6(4)
119.831(16)
118.269(17)
119.496(17)
91.3(9)
93.2(9)
101.0(9)
96.0(4)
95.4(4)
94.1(4)
85.076(16)
84.776(16)
84.652(16)
[A] and angles ['] for 3.6a.
J!
Figure C27. 1H NMR spectrum of 3.6a in C6D6 at 25
symbol correspond to remaining COD; peaks for the free
among the small impurity peaks.
.3 -4 -b -6 -? -8 -9
0C. Peaks marked with a '
H[SiP*PT3] ligand are observed
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Figure C28. 31P{H} NMR spectrum of 3.6a in C6D6 at 25 'C. The peak marked with a
'#' symbol corresponds to free H[SiP' 3] ligand; two other small impurities have not
been identified.
9 S 2 1 0 -1 -2 -? -4 -S -6 7 -8
Figure C29. 'H NMR spectrum of reaction of 3.6a with 1-octene in C6D at 25 'C. Peaks
marked with an arrow correspond to cis- and trans- 2-octene; peaks marked with a
symbol correspond to i -octene.
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Figure C30. t C{H} NMR spectrum of reaction of 3.6a with I-octene in C6D6 at 25 'C.
The peaks marked with a '#' symbol correspond to trans-2-octene while those marked
with a '*' symbol correspond to cis-2-octene; the arrows indicate where the resonances
for I -octene should occur.
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Figure C31. H NMR spectrum of 3.6b in C6 D6 at 25 'C
Figure C32. 'P 'H} NMR spectrun of 3.6b in CD6 at 25 C. The small impurity at
34.1 ppm has not been identified
Figure C33. I HNMR spectrum of re.actio,,n of 3.6b with I -octene in C6D6 at 25 'C. Peaks
marked with a '# symbol correspond to cis- and trans- 2--octene;- the arrows indicate
where the resonances of 1-octene should occur.
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Figure C34. Aryl region of 1H NMR spectra of
{[SipiPr3]Ni} {BArF4} before addition of CO2 (red)
Labeled peaks correspond to {[SiPiPr3 ]Ni} {BArF4 }
reaction.
Table C19. DFT geometry optimized energy, lowest c
coordinates of the cation { [SipiPr 3]Ni(OCO)} .
E(RB+HF-LYP) (a.u.):
Lowest frequency:
0.000000
0.000000
-1.544400
-1.204400
-1.566800
-2.043800
-1.302000
-1.577800
-0.678200
-0.467500
-0.305600
0.214700
-0.560800
-3.426400
-3.647300
-3.818700
-3.632800
-3.278500
0.000000
0.000000
-1.775900
-2.547600
-3.853700
-4.517100
-4.327100
-5.343000
-3.499800
-3.870500
-2.202800
-1.584300
-1.707800
-1.500900
-0.953400
-0.616100
-1.127200
0.330100
7.30 7.0 7.10 7.00
the vacant species formulated as
and after addition of CO2 (blue).
formed during the course of the
alculated frequency, and
-4415.23706758
14.92
0.766400
-1.429100
0.533600
-1.106300
-1.466100
-0.751100
-2.752600
-3.021000
-3.687800
-4.687000
-3.330300
-4.058100
-2.042000
0.468300
1.392300
-0.722000
-1.672300
-0.741600
H
C
H
H
H
C
H
C
H
H
H
C
H
H
H
P
C
C
-4.890800
-4.279800
-5.339500
-4.121800
-4.102600
-1.422200
-1.999400
0.015800
0.645300
0.473800
0.024700
-2.067000
-2.038600
-3.111400
-1.525800
-0.765800
-1.604100
-2.554000
-0.392400
-2.781200
-2.499300
-3.436700
-3.359500
-3.172600
-4.004200
-3.659500
-2.871100
-3.992300
-4.505800
-2.795200
-3.658600
-2.487400
-1.985300
2.225500
2.316900
3.283700
-0.672200
0.443300
0.444100
1.303400
-0.469000
1.799900
1.379700
2.006400
2.433500
1.071800
2.703400
3.144400
3.818800
3.051500
3.642100
0.533600
-1.106300
-1.466100
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Ni
Si
P
C
C
H
C
H
C
H
C
H
C
C
H
C
H
H
-2.890100
-3.096400
-3.838200
-2.691800
-3.118200
-1.754900
-1.479400
-1.198700
0.413400
0.998000
1.375800
0.840200
1.925100
2.105600
-0.268700
0.505300
-0.915400
-0.858100
-2.036400
-2.468000
-3.177100
-2.809100
-3.694300
-3.914500
-1.387200
-2.149100
-0.598500
-0.956400
2.310200
2.808500
4.120800
4.028500
3.291100
4.037900
2.337200
2.340100
1.366100
0.606200
1.339600
3.717800
3.635400
3.615100
3.709700
2.674200
4.431800
5.097100
5.873800
5.288000
5.232700
2.817900
3.733600
1.816000
0.876700
1.585900
2.231500
3.187700
3.594800
3.938300
2.314000
-0.449600
0.230700
0.570000
-0.751100
-2.752600
-3.021000
-3.687800
-4.687000
-3.330300
-4.058100
-2.042000
0.468300
1.392300
-0.722000
-1.672300
-0.741600
-0.672200
0.443300
0.444100
1.303400
-0.469000
1.799900
1.379700
2.006400
2.433500
1.071800
2.703400
3.144400
3.818800
3.051500
3.642100
0.533600
-1.106300
-1.466100
4.933800
4.398400
5.416100
3.370000
3.585700
2.060500
1.264700
1.759400
3.013000
2.649300
2.442900
2.792500
1.353400
2.785300
4.548500
4.834200
5.037200
4.960700
3.458600
4.467500
3.161300
2.163700
3.220600
3.889800
3.454200
4.187800
3.709900
2.482200
0.000000
0.000000
0.000000
0.488600
1.036000
1.305100
1.162600
1.530400
0.836800
0.978100
0.368300
-2.216900
-2.682000
-2.999000
-2.582500
-3.004300
-4.039400
-2.315800
-3.374500
-1.85 1300
-1.873200
0.354600
0.270600
1.843500
1.994400
2.406400
2.274300
-0.392500
0.063800
-1.450800
-0.328700
0.000000
0.000000
0.000000
-0.751100
-2.752600
-3.021000
-3.687800
-4.687000
-3.330300
-4.058100
-2.042000
0.468300
1.392300
-0.722000
-1.672300
-0.741600
-0.672200
0.443300
0.444100
1.303400
-0.469000
1.799900
1.379700
2.006400
2.433500
1.071800
2.703400
3,144400
3.818800
3.051500
3.642100
2.896500
4.069300
5.231100
Table C20. DFT geometry optimized energy, lowest calculated frequency, and
coordinates of the cation {[SiP Ph 3]Ni(OCO)}*.
E(RB+HF-LYP) (a.u.):
Lowest frequency:
Ni
Si
P
C
C
H
C
H
-0.008100
-0.060200
1.630800
1.490100
2.096300
2.688200
1.922700
2.387500
-0.024600
-0.024800
1.546400
2.319800
3.529800
4.087100
4.035300
4.977200
-5094.05420606
14.74
-0.259400
1.942400
-0.045700
1.621100
1.981900
1.262500
3.270400
3.547900
C
H
C
H
C
C
C
H
1.143800
1.000700
0.537400
-0.087800
0.704000
1.648800
0.488000
-0.405800
3.338500
3.740400
2.134400
1.617800
1.604400
2.931100
3.213 100
2.617800
4.198100
5.197300
3.837500
4.562100
2.547200
-1.268100
-2.004800
-1.857600
247
0.456600
-0.454300
1.585900
1.562800
2.748400
3.632400
2.782300
3.700400
3.375200
4.050100
3.575500
5.349500
5.862000
5.989200
7.003100
5.320100
5.810600
4.024500
3.525200
-2.194900
-2.828600
-4.165600
-4.897600
-4.560200
-5.598200
-3,623300
-3.935700
-2.285100
-1.564400
-1.865400
-3.311000
-3.074500
-2.274600
-3.871100
-3.680700
-4.918600
-5.546200
-5.153800
-5.964400
-4.353200
-4.543600
-2.630700
-3.619800
-4.17 1700
4.277200
4.483100
5.074800
5.901900
4.805300
5.421600
3.741900
3.535200
0.941200
0.799100
1.106600
0.292400
0.207900
-0.098000
-0.486600
0.021800
-0.276200
0.539300
0.638800
0.712100
0.333400
0.503500
0.887300
0.182900
0.307300
-0.298700
-0.560000
-0.430400
-0.794800
-0.102600
-0.106700
0.143200
0.816600
-0.442600
-0.229300
-1.293000
-1.743900
-1.556400
-2.217900
-0.974400
-1 .205 900
2.505600
2.989000
2.308000
-2.908400
-3.463100
-3.090200
-3.794000
-2.364100
-2.501000
-1.463000
-0.922500
-0.094900
-1.318600
-2.245900
-1.359900
-2.314200
-0.181600
-0.212700
1.038100
1.960500
1.083300
2.041600
-0.117700
1.569800
1.956600
1.251600
3.255200
3.550700
4.1-73700
5.181000
3.801900
4.530700
2.502100
-1.332900
-2.697900
-2.993 1t00
-3.680300
-4.728500
-3.315700
-4.079100
-1.966600
-1.673700
-0.980100
0.061400
-0.294400
-1.163300
-1.801400
-3.912700
-4.682300
-3.232500
-3.464500
-2.253800
-1.720400
-1.953600
-1.187500
0.415700
1.233600
2.027600
2.233200
2.569600
3.192300
2.318800
2.748700
1.531300
1.370700
0.975900
1.584000
2.941200
3.290800
3),853500
4.899500
3.426000
4.138300
2.,079600
i -738500
1.162900
0.126700
-0.993000
-1.907500
-1.8!5000
-2.948000
-3.638600
-3.108000
-3,921300
-2.222600
-2.345300
-1.168300
-0.484800
0.152700
0.941400
1.698500
4.354600
4.711000
5.252500
6.313000
4.779000
5.468800
3.419500
3.071800
-2.227300
-2.488600
-3.594700
-4.364300
-3.696500
-4.548700
-2.701500
-. 781500
-1.597200
-0.817700
-1.475900
-2.913400
-2,555600
-1.926300
-3.023100
-2.745700
-3.838300
-4. 99700
-4.190400
-4.831400
-3.735100
-4.045300
-3.417700
-3.379100
-2.620900
-4.305300
-4.265 100
-5.265400
-5.983300
-5.293600
-6.031300
-4.381900
-4.426800
-0.151600
-0.280500
-0.386200
-1.214000
-1.893200
-0.392500
-0.431700
0.484600
1.132400
0.531400
1.216900
0.016100
1.637700
1.966500
1.227900
3.248700
3.505800
4.197700
5.192400
3.865900
4.607100
2.582500
-1.240600
-1i58200
-0.346200
-2.103800
-2.016300
-3.153700
-3.889800
-3 .24S900
-4.057000
-2.298800
.2.373700
0.010200
-1.055200
- 1.827600
-1.132400
-1.969100
-0.132300
-0.189800
0.945400
1.733400
1.014900
1.855300
-2.405400
-3.269600
-4.142200
248
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Table D1. DFT geometry optimized energy, lowest calculated frequency, and
coordinates of (TPrB)Ni(N2).
E(RB+HF-LYP) (a.u.):
Lowest frequency:
1.327100
1.990500
2.360000
-1.450300
-1.534900
-1.351300
-0.802700
-1.306800
-1.885900
-1.960900
-1.426400
-0.812700
3.547900
3.174300
4.830400
2.356900
1.554200
2.070800
2.575200
3.857900
4.154100
3.159400
1.876700
1.538800
-2.097600
-1.639300
-3.479200
-3.684000
-4.061300
-3.914100
-1.772400
-2.551100
-2.268200
-1.198500
-0.450300
-0.726100
-0.156300
2.078500
-1.922200
0.000000
3.487700
3.540400
3.157100
3.259400
2.779200
4.797500
2.510100
3.700300
3.707900
2.516000
1.343500
1.307700
-0.373700
-0.060300
-1.228500
-2.893100
-3.622400
-3.494000
-0.559900
-0.718400
-0.220700
0.440200
0.563600
0.050000
-2.885700
-2.718900
-3.569000
-0.594600
-0.046400
0.465200
-1.950200
-2.981800
-3.487200
-2.956200
-1.907100
-1.357700
2.309800
-1.019600
-1.290300
0.000000
-4071.65223662
16.66
0.596500
1.979500
-0.487400
1.605900
3.064100
1.616000
-1.161000
-1.708800
-2.976600
-3.698300
-3.164700
-1.896100
1.605900
3.064100
1.616000
0.596500
-0.487400
1979500
-1.161000
-1.708800
-2.976600
.3.698300
-3.164700
-1.896 100
1.605900
3.064100
1.616000
0.596500
1.979500
-0.487400
-1.161000
-1.708800
-2.976600
-3.698300
-3.164700
-1.896100
0.546700
0.546700
0.546700
-1.375200
0.917100
1.297500
2.808900
2.420100
1.922800
3.173200
2.798100
-2.391900
-1.803600
-2.303600
-0.592500
-1.317400
-2.233 100
-0.472600
-1.257200
-2.283700
-2.429200
-1.483800
3.783200
2.397300
2.827500
4.058300
5.203900
4.689900
5.625700
3.421500
1.788100
0.476800
1.785700
2.666300
1.015600
2.294900
4.640400
5.153100
3.381200
1.113900
-1.391400
-0.593700
-2.235000
S.754700
4.480300
3.827900
4.271700
2.570000
3.174900
3.894000
2.166100
2.987600
1.726800
3.356200
2.922800
5.248300
5.206700
5.142600
4.632400
4.631800
2.501700
0.429600
0.577600
0.698500
-0.948300
0.316900
-1.483200
-2.162000
-0.669500
-3.034400
-3.252600
-3.506300
-4.695000
-3.037600
-3.380900
-4.568400
-1.227400
-0.338200
0.852900
1.070200
-3.565200
-2.425400
-1.974500
-3.673100
0.371800
2.776100
1.974900
2.244500
-1.488800
-0.457000
-0.340000
1.111700
3.143200
3.594300
3.603200
0.623200
2.125500
2.171100
-1.157700
-3.388800
-4.680100
-3.750000
1.111700
3.143200
3.603200
3.594300
0.623200
2.171100
2.125500
0.371800
-1.488800
-0.340000
-0.457000
2.776100
2.244500
1.974900
-1.157700
-3.388800
-4.680100
-3.750000
1.111700
3.143200
3.603200
3.594300
250
-3.886400
-4.217300
-3.392600
-4.338600
-3.963800
-5.103800
-3.435700
-3.710900
-4.958900
-3.765100
-2.980600
-4.537300
-1.446000
-0.790300
0.296700
0.810900
0.077800
0.801000
0.623200
2.171100
2.125500
0.371800
2.776100
1.974900
2.244500
-1.488800
-0.457000
Table D2. DFT geometry optimized energy,
coordinates of (TPiB)Ni(H2).
E(RB+HF-LYP) (a.u ):
Lowest frequency:
-1.676100
-2.368300
-2.660600
1.085800
1.055300
0.979600
0.521100
0.891800
1.445700
1.624400
1.216100
0.631000
-3.352300
-2.882200
-4.615800
-2.041800
-1.191700
-1.663600
-2.522700
-3.787300
-4.147900
-3.235600
-1.965100
-1.560600
2.274600
1.895200
3.650500
3.724500
4.055900
3.850100
3.323200
3.349400
2.894000
3.225700
2.734600
4.761500
2.532500
3. 772600
3.849000
2.676900
1.45 1900
342900
-0.611100
-0.321400
-1,488700
-3.081200
-3.762200
-3.599100
-0.867000
-1.192500
-0.800200
-0.081900
0.203200
-0.200000
-2.495600
-2.187200
-3.185600
-0.155300
0.462600
0.890700
H
H
H
H
H
Ni
N
N
-3.274900
-3.383200
-2.869500
-0.951900
0.369800
0.000000
0.000000
0.000000
1,340200
-3.405000
-4.293600
-3.354600
-1.499800
0.000000
0.000000
0.000000
lowest calculated frequency, and
-3963.27871230
24.46
-0.642800
-2.012500
0.453300
-1.747800
.3.207100
-1.741900
1.089100
1 .632300
2.909200
3.645500
3.117800
1.840200
-1.807400
-3.245200
- 1.864900
-0.800900
0.279900
-2.195600
1.038800
1.553000
2.841200
3.615800
3.114800
1.826600
-1.839100
-3.299900
-1.823500
-0.704700
-2.070400
0.41100
L 993300
2.931200
2.742700
1.609600
0.706000
0.882400
-0.021700
-0.112100
~1.930700
2.02 7900
-025~000
-?.338300
-1.732500
-3.271900
-2.676500
-. 210100
-3.535100
-3.012400
2.063900
1.279600
1.806400
0.083800
1,086600
1.780500
0.030700
0.748500
1.741500
2.073900
1.353500
-3.631500
-1.731900
-2.637900
-3.211800
-2 7260 9
-1.93 i00
-1.314300
-0.001900
2.253300
- . 195900
1.000400
005 0 700
4.341400
3.760400
3.970500
2,345100
2.937900
3.557500
1.869600
2.955900
1.669200
3.277800
2.911900
5.196300
5.181900
5.108600
4.690500
4.811500
2.719000
0.553500
0.347900
I,021200
1.540100
2.796800
3.537300
3.039600
1786000
-0.847500
-0.612400
-0.665700
-0.664500
1.309300
-0.408200
-2.802500
-1.963000
-2.319200
L448000
0.445200
0.300900
-1.329700
-3.295400
-3.795000
-3.681400
-0.746900
-2.363800
-2.164400
1.072300
3.319100
4.635500
3.714400
- 1.352300
251
H
H
H
H
H
H
H
H
H
-0.340000
-1.157700
-3.388800
-4.680100
-3.750000
0.840800
2.687300
3.807100
H -2.092100 0.431000 -3.282500
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
1
H
H
H
H
H
H
H
H
H
H
2.003800
3.935900
4.445100
3.624200
4.455700
4.135800
5.017300
3.296500
3.681800
4.858000
3.130000
3.821300
3.467500
1.437600
-0.157300
0.016500
-0.073700
2192 1
Figure D1. Solution IR spectrum of 4.1. Taken in C6H6 .
Table D3. DFT geometry optimized energy, lowest calculated frequency, and
coordinates of (TPPhB)Ni(N 2) 4.1.
E(RB+HF-LYP) (a.u.):
Lowest frequency:
B
P
P
P
0.000000
0.455900
-2.118800
1.662900
0.000000
-2.183300
0.696900
1.486500
-4750.48257518
13.15
-1.770000
0.179800
0.179800
0.179800
-2.509300
-3.724500
-5.059900
-4.419100
-5.377000
-3.092700
-1.488100
-0.130200
-1.304200
-2.338100
-0.646000
-1.698700
-4.500600
-5.133200
-3.511700
-1.266500
1.538500
0.861300
-1.221300
0.055300
-1.667100
-2.460300
-0.987500
-3.336300
-3.455600
-3.523200
-4.851800
-3.240400
-3.299400
-4.696000
-1.756300
-1.044500
0.248 100
0.752700
-3.211400
-1.850300
-3.746000
-3.839600
-0.884200
-2.330500
-2.476800
-0.610400
1.286300
0.167600
0.207900
-2.978600
-2.466800
-2.210900
0.961000
3.230400
4.615100
3,740800
-1.451000
-3.404800
-3.094800
-3.544300
-2.528000
-4.060000
-0.948500
-0.285400
0.989700
1.191300
0.456200
1.325500
1.704600
-2.899100
-3.922000
-3.329500
-1.665700
-0.424700
0.373800
-3.907100
-0.833700
-2.192400
-2.486600
-0.499600
-2.864700
-2.020500
-2.371600
1.399600
0.396700
0.287800
0.977600
3.186600
4.509600
3.643700
-2.447100
-2.469900
4
7' a
II
C
C
C
C
-2.466900
1.855000
-2.614600
3.409400
2.512600
2.921300
0.018000
0.880100
0.071400
1.341500
-1.445400
0.071400
252
H 2.540600 -1.421600 -3.743000
,I a(A
-3.457400
1.053100
-3.935500
-4.764900
-3.114600
-3.301700
0.459400
-1.512600
-0.942500
-3247800
-2.299700
0.764900
-0.160400
1.291800
-2.642800
-2.643500
1.602400
-4.187900
-5.211100
-1.802000
-0.982600
0.104400
-0.575600
2 .482900
2.460100
-1.509800
-1.081600
1.322900
-5.477300
-6.255400
1.697600
1.558300
-4.247300
-4.060700
-4.702800
-4.891300
1.816400
2.464600
3.039000
3.904100
-2.494800
-2.361100
-1.503500
-1.084600
2.119100
2.300400
0.145800
-1.138500
-0.174800
0.094800
-1.116600
-1.571000
1.481300
-0.342800
-3.392700
-0.991900
-1.512900
3.308600
2.748100
-2.273300
3.269200
2.775200
-3 067100
-0.743700
-0.906300
-0.919800
-1.232000
2.020500
1.467000
-2.316700
-1.235100
-3 923400
-3.676900
2 55400
-0.820400
-1.190900
--.100700
-0.235000
-1.473100
-2.358200
0.793900
1.684100
3.495600
4.079200
3.675800
3.393900
3.176500
2.615500
-3.748800
-3.352500
-3.320900
-4.174000
1.341500
-2.242900
-1.868000
-1.220300
-3.927900
-4.898600
-2.242900
-2.242900
0.071400
2.131600
2.075700
2.131600
2.075700
-1.445400
1.243300
2.211700
1.341500
-3.115300
-3.444300
-3.494900
-4.138500
-3.494900
-4.138500
2.131600
2.075700
1.243300
2.21 1700
-i.445400
3.052300
3.714500
-3.494900
-4.138500
2.978900
3.581100
1.423800
0.832300
-1.868000
-1.220300
1.423800
0.832300
-1.163000
-2.080900
1.163000
-2.080900
-1.868000
-1.220300
4.152600
3.725100
3.998300
3.445700
-2.844500
-2.988500
1.449900
1.820700
0.847900
-0.011900
-2.865400
-3.019800
-2.688600
-2.702800
-5.702500
-6.658200
0.590300
0.290400
-2.603100
-3.025100
2.579100
2.610300
2.028100
2.096300
6.020700
7.028600
2.524300
3.011400
-2.602400
-3.020000
3.399400
4.072600
-3.155300
-4.008800
3.449100
4.1-59000
5.447000
6.008500
3.123500
4.047900
5.291700
5.727900
2.738000
3.390400
1.663900
0.987200
0.654200
0.901700
0.572300
0.737000
4.647300
5.212600
3.998600
4.966100
4.414800
4.695800
5.297800
6.372400
4.558000
5.053500
0.314300
0.830000
3.255600
3.644900
-4.607400
-4.867400
-5.095700
-6.131200
5.153700
6.0 12800
-0.!67400
-0.57 1000
-2.139000
-2.073900
-4.787100
-5.194400
-2.941 700
-2.337500
-5.130400
-5.801500
-4.3 33200
-4.821900
0.139800
-0.018200
4.781400
5.351200
0.049300
-0.186100
-3.255000
-4.059800
-4.469700
-5.078000
1.243300
2.211700
-1.163000
-2.080900
1.181200
2.098600
-3.115300
-3.444300
2.978900
3.581100
-0.054600
-0.104100
-1.223600
-2.190700
2.270200
2.319100
-3.927900
-4.898600
-1.223600
-2.190700
2.270200
2.319100
3.052300
3.714500
-0.054600
-0. 04100
-3.927900
-4.898600
1.181200
2.098600
2.978900
3.581100
-0.054600
-0.104100
3.052300
3.714500
1.181200
2.098600
2.270200
2.319100
-1.223600
-2.190700
-3.115300
-3.444300
1.423800
0.83 23 00
253
i
0.000000 0.000000 0.523100
0.000000 0.000000 2.368200
N 0.000000 0.000000 3.487600
Table D4. DFT geometry optimized energy, lowest calculated frequency, and
coordinates of (TPPhB)Ni(H 2) 4.2.
E(RB+HF-LYP) (a.u.):
Lowest frequency:
0.070600
-0.088700
-1.885700
2.006700
-1.866300
2.541200
-2.495800
3.557600
-3.285300
0.9112800
-3.820700
-4.603000
-3.137300
-3.383500
0.822300
-1.461700
-1.699700
-3.225200
-2.3 52300
1.798300
0.977000
0.886200
-1.770100
-1.754700
0.606300
-4.143400
-5.172000
-1.820400
-1.055300
0.584800
-0.176700
1.234400
1.300600
-2.543300
-2.224900
1.808700
-5.393900
-0.119100
2.160500
-1.135600
-1.001500
-2.987500
-2.172800
-0.616700
-0.031200
-0.861300
1.198800
-0.683500
-1L068500
0.293700
0.658600
-1.501700
-0.093400
3 011700
0.209600
0 853300
-3.350900
-3.582800
2.370900
-3.705800
-3.172200
3.356 100
-0.225800
-0.264600
0.360000
0.785900
-2.204700
-1.844200
2.882500
1.812100
3.378300
3.214400
-2.027500
-0.367000
-4642.09945008
12.86
1.687400
-0.216400
-0.233300
-0.269000
-0.181600
-1.600300
1.411000
0.042000
-1.421100
2.113900
1.857900
1,209800
3.953500
4.948500
2,086800
2.211400
0.141200
-2.32 1900
-2.323100
-1.788100
-1.117600
1.326400
-1.386200
-2.333100
-1.463100
3.134900
3.484300
3.494800
4.140700
3.281200
3.969300
-2.623000
-2.796600
-0.921200
-1.947200
1.228800
-3.222300
Ni
N
-6.206900
1.661300
1.727500
-4.268600
-4.198500
-4.420500
-4.480000
2.518400
3.255000
3.599300
4.194900
-1.887100
-1.958500
-2.127200
- 1.492500
1.567700
1.555900
3.806800
3.075700
4.510000
4.334100
-1.707500
-1.646100
2.254500
2.791100
2.111800
1.528900
-1.727000
-1.675500
-1.813700
-1.827300
-5.466900
-6.337100
1.289300
1.074300
-3.367600
-3.681500
-0.177800
1.252100
0.363400
0.456500
1.290800
-1.690700
-2.546200
-3.194200
-3.587000
-1 .898800
-1.0001 00
-3.700800
-3.167200
3.267400
2.999800
3.531400
4.4 i 4000
1.119200
1.452400
-0.418600
-1.294300
-5.098500
-5.636700
-3.871700
-4.786600
-4.232700
-5.142 100
-5.799400
-6.885000
-5.096100
-5.631400
-1.442200
-2.093700
-3.369000
-3.893800
3.862600
4.047700
-3.918300
3.304100
3.927600
-3.216500
-3.909700
-1.445800
-0.779800
1.533800
0.837200
-2.478800
-2.349300
1.024200
1.965500
1.451000
2.287700
1.710700
.078800
-0.720100
-1.448500
0.996300
1.612000
-1.384200
-2.326900
2.725800
2.964100
-2.821100
-2.943200
-0.174900
-0.171600
1.026000
1.971800
-2.333600
-2.336000
3.600100
4.528600
1,691700
2.715600
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C
H
C
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1.027100
0.932600
3.166100
3.409200
5.920900
6.831900
2.340600
2.917300
-3.778600
-4.413800
1.763400
2.242300
-4.197200
-5.161500
1.667500
5.629700
6.701600
-3.949500
-4.635900
1.457400
2.032900
2.406600
2.408900
3.977000
4.256100
3.761900
3.367300
4.218900
4.683300
5.139000
2.076700
4.979700
5.148900
3.906300
4.731900
5.679700
6.403000
2.297700
2.838300
0.495000
-0.031500
0.009200
0.041900
0.004300
5.826300
1.855600
2.745300
-2.780300
-2.552300
0.320800
0.007500
3.550800
4.447600
4.748300
5.147200
-0.049100
0.200600
-0.600700
-4.111700
-0.547600
-1.148500
-3.518300
-4.187900
1.175400
1.924100
2.899100
3.191200
-1.295000
-0.433400
-0.546200
-2.215000
-2.112800
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-2.235600
-2.082100
-3.693000
-4.499800
0.402100
0.544500
3.696900
4.619400
-0.681200
-1.518100
-3.571300
-4.463700
0.629300
0.818300
-3,375900
H
C
H
C
H
C
H
C
i
C
H
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Figure El. 1H NMR spectrum (close-up, excluding hydride region) of 5.2a under 1 atm
N2 (top), 5.2a under vacuum after three freeze-pump-thaw cycles (middle), and 5.3a'
under 1 atm HD (bottom) recorded on the same sample in toluene-ds at RT. Both H2 and
HD can be observed at ca. 4.5 ppm in the bottom spectrum, indicating that 5.3' scrambles
HD.
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Figure E2. Plot of spin-lattice relaxation time TI of 5.3a as a function of temperature.
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Figure E3. Residual electron density map of 5.3a (left), (TP"PrB)Co(H 2) (center), and
[SiP 3]Fe(H 2) (right) show at +0.47 eA-3. Residual electron density was calculated using
the following equation:
Ap = (1/V)EZE (I F - Fe 1) e'e-2 x(i'x-kY-z)
Table El. Crystal data and structure refinement for 5.3a.
Identification code ctl7
Empirical formula C36 H54 Co P3 Si
Formula weight 666.72
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1
Unit cell dimensions a = 11.0129(7) A a= 77.832(3)*.
b = 11.1730(7)A b= 79.183(3) .
c = 16.7699(10)A g = 61.185(2)0 .
Volume 1758.42(19) A3
Z 2
Density (calculated) 1.259 Mg/m3
Absorption coefficient 0.682 mm-1
F(000) 712
Crystal size 0.36 x 0.25 x 0.14 mm 3
Theta range for data collection 2.10 to 45.29*.
Index ranges -22<=h<=22, -22<=k<=22, -33<=l<=33
Reflections collected 134787
Independent reflections 28840 [R(int) = 0.0462]
Completeness to theta = 45.29' 97.9 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9105 and 0.7913
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 28840 / 0 / 383
Goodness-of-fit on F2  1.022
Final R indices [I>2sigma(I)] RI = 0.0350, wR2 = 0.0902
R indices (all data) Ri = 0.0548, wR2 = 0.0983
Largest diff. peak and hole 1.973 and -0.364 e.A- 3
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Table E2. Bond lengths
Co(1)-Si(1)
Co(1)-P(l)
Co(1
Co(1
)-P(2)
)-P(3)
P(l)-Co(1
P(3)-Co(1
P(3)-Co(I
P(1)-Co(1
P(2)-Co(I
P(3)-Co(I
)-P(2)
)-P(1)
)-P(2)
)-Si(1)
)-Si(1)
)-Si(1)
[A] and angles [0] for 5.3a.
2.2048(3)
2.2027(2)
2.2029(2)
2.1933(2)
119.113(9)
119.580(8)
117.521(9)
83.262(8)
83.482(9)
83.777(9)
Table E3. DFT geometry optimized energy, lowest calculated frequency, and atomic
coordinates of dihydrogen adduct isomer of 5.3a.
E(RB+HF-LYP) (a.u.):
Lowest frequency:
0.0196
0.0118
0.0548
1.9381
-1.9701
-0.5837
-1.0412
-1.0056
-1.5822
-1.9433
-1.6794
-2.1183
-1.2173
-1.3088
-0.6663
1.7743
2.2401
1.5525
3.5859
3.9307
4.4920
5.5440
4.0489
4.7695
2.6972
-1.1924
-0.0020
-0.0542
2.2109
-1.1008
-1.0174
1.6408
1.9106
1.1319
3.1545
3.3404
4.1513
5.1148
3.9099
4.6952
2.6650
-0.4073
-0.2160
0.1117
-0.4039
-0.2399
-0.7823
-0.9121
-0.9891
-1.2747
-0.8086
-1.4089
-4101.78707962
32.41
-1.0071 Co
1.2201 Si
-0.7370 P
-0.7838 P
-0.7903 P
1.8885 C
3.1870 C
3.9466 H
3.5201 C
4.5288 H
2.5482 C
2.7955 H
1.2520 C
0.5068 H
0.9167 C
1.8792 C
3.1885 C
3.9660 H
3.5116 C
4.5298 H
2.5198 C
2.7617 H
1.2111 C
0.4498 H
0.8857 C
1.8348 C
-1.2257
-0.5617
-2.0717
-2.0733
-2.8990
-3.5450
-2.8932
-3.5377
-2.0501
-0.8671
-0.8373
-2.3356
-2.8346
-2.8788
-2.4174
-0.1531
-0.1230
0.8757
-0.6946
1.6872
2.2321
1.5553
0.9803
1.0974
2.5563
2.5255
-1.9904
-1.6231
-3.0652
-3.5122
-3.5784
-4.4279
-3.0048
-3.4244
-1.9217
3.2825
4.3122
2.8895
3.5940
2.8937
1.8904
3.2436
2.2209
3.6134
3.8626
3.2230
2.9175
4.7559
5.1267
5.1396
5.2018
2.8243
3.1109 C
3.8912 1
3.3942 C
4.3855 H
2.3946 C
2.6024 H
1.1205 C
0.3531 H
0.8345 C
-2.0001 C
-1.6270 H
-2.1723 C
-2.8508 H
-1.2233 H
-2.6111 H
-3.3610 C
-3.7561 H
-3.3138 H
-4.0877 H
-0.6459 C
-1.5447 H
-0.6745 C
0.1807 H
-1.5904 H
-0.6054 H
0.5746 C
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3.5093 3.3087 0.5226 H -2.4212 -2.3133 -2.0971 C
2.6850 1.7487 0.6403 H -3.3611 -2.7731 -1.7726 H
2.0473 3.1479 1.5053 H -2.6638 -1.6374 -3.4569 C
3.3257 -0.7847 -2.0373 C -1.7539 -1.1463 -3.8205 H
4.1862 -1.3819 -1.7153 H -3.4571 -0.8843 -3.4206 H
2.9008 -1.2689 -3.4339 C -2.9528 -2.3872 -4.2042 H
2.0377 -0.7009 -3.7994 H -1.3847 -3.4306 -2.2368 C
2.6367 -2.3305 -3.4555 H -1.7492 -4.1922 -2.9387 H
3.7191 -1.1175 -4.1493 H -1.1780 -3.9227 -1.2824 H
3.7727 0.6770 -2.1064 C -0.4421 -3.0400 -2.6308 H
4.6343 0.7730 -2.7801 H -3.6542 -0.0890 -0.7174 C
4.0652 1.0689 -1.1284 H -3.6204 0.5670 -1.5927 H
2.9709 1.3065 -2.5026 H -4.9303 -0.9426 -0.8201 C
1.9593 -3.0204 -0.8231 C -5.0061 -1.6572 0.0064 H
1.4034 -3.2617 -1.7355 H -5.0148 -1.4932 -1.7613 1
3.3362 -37016 -0.9115 C -5.8064 -0.2838 -0.7551 H
3.9654 -3.4501 -0.0507 H -3.7512 07936 0.5329 C
3.8877 -3.4583 -1.8240 H -4.6532 1.4170 0.4776 H
3.1991 -4.7909 -0.9007 H -2.8932 1.4550 0.6469 H
1.1931 -3.6101 0.367i C -3.8260 0.1857 1.4410 H
1.0871 -4.6953 0.2404 H 0.0519 0.3442 -2.5466 H
0.1956 -3.1849 0.4731 H 0.0207 -0.5409 -2.4704 H
1.7296 -3.4383 1.3065 H
Table E4. DFT geometry optimized energy, lowest calculated frequency, and atomic
coordinates of dihvdride isomer of 5.3a.
E(RB+fIF-L NP) (a.u.): -4101.78741265
Lowest frequency: 33.87
0.0432 -0.0442 -1.0202 Co 2.1782 -0.6731 3.2229 C
0.0075 -0.2019 1.2269 Si 1.4876 -0.3993 4.0183 H
0.2754 2.1786 -0.6394 P 3.5070 -0.9531 3.5498 C
1.9299 -1.1480 -0.8243 P 3.8342 -049120 4.5860 H
-2.1055 -0.7119 -0.8307 P 4.4197 -1.2671 2.5415 C
-0.4523 1.5227 1.9419 C 5.4590 -1,4690 2.7890 H
-0.9062 1.7698 3.2470 C 3.9993 -1.3170 1.2104 C
-0.9383 0.9572 3.9705 H 4.7235 -1.5563 0.4363 H-
-1.3583 3.0333 3.6330 C 2.6642 -1.0447 0.8808 C
-1.7169 3.1987 4.6461 H -1.3563 -1.4324 1.7554 C
-1.3700 4.0787 2.7082 C -1.4649 -2.1175 2.9748 C
-1.7402 5.0596 2.9961 H -0.7532 -1.9165 3.7734 H
-0.9096 3.8627 1.4075 C -2.4527 -3.0837 3.1770 C
-0.9335 4.6846 0.6971 H -2.5129 -3.6135 4.1248 H
-0.4467 2.5969 1.0199 C -3.3507 -3.3817 2.1513 C
1.7333 -0.7067 1.8927 C -4.1101 -4.1464 2.2944 H
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-3.2689
-3.9684
-2.2811
-0.5040
-0.4136
-1.9872
-2.3901
-2.5755
-2.1207
0.270 1
0.2472
1.3176
-0.1952
1.9802
2.5288
1.9615
1.3823
1.5729
2.9899
2.7474
3.7619
2.8358
2.2625
3.3463
4.1545
2.8793
2.0144
2.5975
3.6858
3.9060
4.7908
4.2016
3.1655
-2.7033
-2.9595
-1.7291
3.3592
4.3664
3.0906
3.8489
3.1243
2.1112
3.3 126
2.30 10
3.6115
3.9939
3.0360
2.7281
4.5752
4.9547
5.0285
4.9378
2.5368
2.9559
1.4521
2.8617
-0.8811
-1.5592
-1.2588
-0.6530
-2.3124
-1.0719
0.5423
0.5909
0.8818
1.2387
0.9328 C
0.1426 H
0.7262 C
-1.8914 C
-1.4692 H
-2.1457 C
-2.8296 H
-1.2243 H
-2.6139 H
-3.2 196 C
-3.6379 H
-3.1139 H
-3.9434 H
-0.4539 C
-1.3471 H
-0.4229 C
0.4255 H
-1.3383 H
-0.2967 H
0.7771 C
0.7711 H
0.8129 H
1.7037 H
-210482 C
-1.7510 H
-3.4645 C
-3.7557 H
-3.5528 H
-4.1848 1
--2.0525 C
-2.7003 H
-1.0556 H
-2.4547 H
1.7602
1.2296
3.0780
3.6875
3.6860
2.8490
0.8885
0.7110
-0.0804
1.3837
-2.6800
-3.6985
-2.7324
-1.7371
-3.4078
-3.0862
-. 8624,
-2.3484
-1.7842
-0.8510
-3.6778
-3.5518
-5 0381
-5.2177
5.1612:
-5.8332
-3.7139
4.5560
-2.8039
-3.8576
0.1002
-0. 1207
-3.0464
-3.1737
-3.8370
-3.6864
-3.5924
-4.9088
-3.6421
-4.7059
-3 1509
-3.5700
-1.8705
-2.1700
-1.1032
-0.7359
-0.2416
-1.7631
-3.1583
-3.8137
-3.7093
-2.9496
0.3908
1 .1102
-0.2996
-1.0812
-0.7336
0.4475
1. 1657
1.8700
1.7365
0.4900
0.3347
-1.2838
-0.9867 C
-1.9375 H
-1,0598 C
-0.1619 H
-1.9348 H
-1.1166 H
0.1254 C
-0.0777 H
0.2070 H
1.0996 H
-2.2129 C
-1.946011
-3.5440 C
-3.8143 H
-3.5033 11
-4,3463 H
-2.36 12 C
-3.0959 1
-1.4193 H
-2.7208 H
-06931 C
-1.5056 H
-0.8987 C
-0..1530 H
-1.8947 H
-0.7758 1-1
0.6305 C
0.6220 H
0.8096 H
1.4805 H
-2.4941 H
-1.7647 H
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Figure E4. Plot of spin-lattice relaxation time TI
Table E5. DFT geometry optimized energy, lowest
coordinates of dihydrogen adduct isomer of 5.3b.
E(RB+HF-LYP) (a.u.):
Lowest frequency:
-0.077800
-0.043400
0.498300
0.908300
0.953100
1.284300
1.611100
1.250300
1.551800
0.842900
0.845300
0.460500
0.984500
2.015600
2.195200
2.825100
3.621800
2.613900
3.241500
1.584800
1.404300
0.777500
-0.035400
-1.675800
-2.194200
0.0 13300
-2.141800
-2.711800
-4.014100
-4.780900
-4.330800
-5.340000
-3.351300
-3.596800
-2.054700
-1.294800
-1.713500
-3.168900
-2.553400
-1.492000
-3.286900
-2.784600
-4.654700
-5.227400
-5.283300
-6.347500
-4.547600
-5.049100
-3.021100
-3.31 !700
of 5.5 as a function of temperature.
calculated frequency, and atomic
-4780.45966696
13.26
1.784000
-0.287500
1.403800
1.720900
0.954300
3.026600
3.264900
4.022500
5.038000
3.707100
4.485900
2.399100
-1.458900
-2.180600
-2.053400
-3.050700
-3.593000
-3.218400
-3.896500
-2.514100
-2.644400
-1.646600
-1.130800
-0.451400
-1.724200
-1.617200
-3.437400
-3.811700
-4. 199900
-5.168300
-3.706500
-4.291100
-2.454300
-2.082800
1.933000
2.166400
3.262900
4.052400
3.345200
4.189000
2.343300
2.402700
1.278000
0.513700
1.178100
2.242600
2.288400
2.174200
2.488600
2.528200
-3.065600
-3.926600
-4.154200
-4.244900
-4.725900
-3.940200
-4.179700
-3.338100
-3.121300
1.000600
1.651000
2.422600
2.673200
2.870800
3.480700
2.536200
2.895000
1.728200
1.460700
1.263700
2.443600
2.184400
1.164200
3.211200
2.983500
-2.611200
-1.868400
-2.863300
-0.741900
-0.853000
0.527700
1.412300
0.672500
1.668800
-0.168100
1.557400
1.969000
1.265400
3.287000
3.600200
4.202700
5.227500
3.804800
4.532000
2.483000
-1.295300
-2.678200
-3.037800
-3.598400
-4.660600
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2.639300
2.797700
2.580000
2.684100
2.381000
2.323400
3.554000
4.617300
4.536200
5.798700
6.608200
5.943200
6.86220Q0
4.895400
4.993300
3.715400
2.908800
-1 .882900
-2.707800
-4.060500
-4.725500
-4.558300
-5.609900
-3.708400
-4.100100
-2.361500
- 718200
4.528600
5.332000
4.801500
5.823000
3.769700
4.008700
0.075600
0.463900
1.354100
-0.283500
0.036000
-1.423500
-2.002700
-1.814000
-2.700100
-1.075100
1.404000
1 .173200
0.844100
1.078200
1.450400
0.817000
0.988400
0,329500
0.E21200
0.095500
-0.309500
-3.155000
-3.869700
-1.789400
-1.432500
-0.866800
0.189000
-0.333000
-1.160500
-1.774500
-1.206600
-1.858500
-0.418000
-0.453700
0.419600
1.041300
0.458000
1.105600
-0,195400
1.430200
1.711400
0.936800
2.989000
3.205500
3.9 85700
4.978500
3 .702200
4.480900
Table E6. DFT geometry optimized ene
coordinates of-dihydride isomer of 5.3b.
C
C
C
H
C
H
C
H
C
H
C
H
C
C
C
C(.H
H
H
-1.841100
-3.256500
-3.956900
-3.714500
-4.970300
-5.499300
-5.295600
-6.082900
-4.602900
-4.849100
-3.595900
-3.087300
-1.760500
-1.089000
-0.612900
-. 006900
-0.486600
-1.568800
-1.497100
-2.2 13300
-2.645800
-2.315900
-2.83 1800
-0.026800
-0.153300
-0.019500
0.346700
0.899600
-0.317100
-1.046400
-0.599800
-1.546200
0.320400
0.097700
1 528500
2.256500
1.818500
2.774200
3.033200
3.660800
3.059700
5.051300
5.509500
5.845100
6.928400
5.235500
5.841900
3.844300
3.393900
0.040500
-0.234300
0.6i61 00
2.423100
-1.421800
-1.367000
-0.601300
-2.282000
-2.213600
-3.280600
-3.996300
-3.349800
-4.119000
-2.426100
-2.486900
-0.198900
-1.261200
-2.030600
-1.339800
-2.176100
-0.338700
-0.393100
0.737300
1.529300
0.802900
1.643400
-0.445400
-2.010900
-1.913600
rgy, lowest calculated frequency, and atomic
E(RBi-HF-LYP) (a.u.):
Lowest frequency:
Si
P
C
C
H
C
H
C
H
C
H
C
0.087700
-0.114800
0.461100
0.841400
0.877600
1.198300
1.501300
1.170300
1.449000
0.802200
0.814100
0.447800
0.163400
-1.905300
-2.577500
-3.907800
-4.618800
-4.327900
-5.358800
-3.424600
-3.750900
-2.098900
-1.399000
-1.648000
-4780.45946417
17.59
1.950200
-0.254300
1.394400
1:623400
0.805100
2.904700
3 070100
3.969900
4.969100
3.742700
4.575800
2.459700
C
C
H
C
H
C
C
H
C
0.763500
1.661900
1.813800
2.346500
3.043500
2.134900
2.665400
1.223900
1.035900
0.540500
-0.194000
-1.794900
-2.908400
-2.271000
-1.203000
-2.989400
-2.472600
-4.359900
-4.920300
-5.006900
-6.071400
-4.287000
-4.798900
-2.690500
-1.551600
-2.415400
-2.322400
-3.398100
-4.052400
-3.539700
-4.305300
-2.701400
-2.816400
-1.722100
-1.108300
-0.371800
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-2.382100
-1.864800
-3.610600
-4.043900
-4.284900
-5.239600
-3.727500
-4.245400
-2.490500
-2.060200
2.138500
2.550800
3.780200
4.540000
4.033100
4.982700
3.063500
3.255200
1.857300
1.120700
1.579800
2.477600
2.399800
2165800
2.592800
2.537600
2.843800
2.989500
2.894700
3.072400
2.715400
2.750200
3.604900
4.594800
4.545200
5.661400
6.418300
5.760100
6.590100
4.786100
-2.853900 -1.637100
-2.493200 -2.521100
-3.496100 -1.774600
-3.620400 -2.763300
-3.972700 -0.647800
-4.481100 -0.756100
-3.786900 0.616500
-4.149100 1.501200
-3.151200 0.755000
-3.038100 1.744500
0.900400 -0.152500
1.435500 1.584300
2.018300 1.924800
2.176100 1.163600
2.403000 3.241000
2.865400 3.498100
2.193800 4.225400
2.500800 5.250900
1.576300 3,894400
1.406500 4.677100
1.175800 2.576800
2.375000 -1.222000
2.215500 -2.616000
1.239900 -3.032000
3.298500 -3.472200
3.150500 -4.547800
4.570200 -2.949500
5.416700 -3.615500
4.745300 -1.567600
5.732500 -1.148700
3.656600 -0.709500
3.816600 0.362400
-0.199000 -0.489500
0.061200 -1.447500
0.957300 -2.056400
-0.824700 -1.628200
-0.604600 -2.377100
-1.977600 -0.851000
-2.664900 -0.993400
-2.240200 0.115100
H
C
H
P
C
C
H
C
H
C
H
C
H
C
C
C
H
C
H
C
H
C
H
C
H
C
C
H
C
H
C
H
Co
4.852500
3.720700
2.972100
-1.975500
-2.543300
-3.830200
-4.581700
-4.168600
-5.168700
-3.225 500
-3.487200
-1.951400
-1.235400
-1.583700
-3.420300
-4.491400
-4.498200
-5.559000
-6.383000
-5.564900
-6.399300
-4.484800
-4.471700
-3.423500
-2.593000
-2.036100
-1.236300
-0.564100
- 1.272300
-0.636100
-2.098500
-2.121100
-2.884600
-3.521900
-2.856300
-3.466200
0.002700
0.181900
0.041500
-3.133400
-1.360900
-1.582200
1.127200
1.147900
1.535000
1.810100
1.551800
1.851500
1.177400
1.185800
0.779800
0.469500
0.754900
0.477800
-0.227500
-0.458400
-0.652100
-1.193000
-0.394800
-0.721100
0.277400
(.474200
0.708100
1.235100
2.919500
3.317200
2.596900
4.628700
4.910900
5 574100
6.598800
5.196100
5.925700
3.880800
3.622200
0.468500
1.736300
0.309900
0.730800
0.292500
1.046700
-0.087200
1.691800
2.103300
1.369600
3.456400
3.759200
4.415100
5.470400
4.011800
4.770100
2.655700
-1.057400
-0.494500
0.564400
-1.289500
-0.831500
-2.659200
-3.274900
-3.236400
-4.305500
-2.443400
-2.902300
-0.615700
-1.699600
-2.153500
-2.173300
-3.008000
-1.564800
-1.927300
-0.476700
0.016900
-0.008100
0.848800
-1.788400
0.094300
-0.256100
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